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AER all-electric range

Argonne Argonne National Laboratory

APRF Advanced Powertrain Research Facility
BEV battery-powered electric vehicle

BOL beginning-of-life

CAFE Corporate Average Fuel Economy

CD charge depleting

cl compression ignition

CNG compressed natural gas

CO2 carbon dioxide

CS charge sustaining

csl Civil Society Institute

DCT dual-clutch transmission

DOE U.S. Department of Energy

E85 blend of 85% ethanol and 15% gasoline by weight
EDV electric drive vehicle

EIA Energy Information Administration

EOL end of life

EPA U.S. Environmental Protection Agency
E-REV extended-range EV

EVS International Electric Vehicle Symposium
GDI gasoline direct injection

GHG greenhouse gas

GPRA Government Performance and Results Act
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HEV hybrid electric vehicle

HWFET Highway Federal Emissions Test

ICE internal combustion engine
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IVM initial vehicle movement
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ABSTRACT

The U.S. Department of Energy (DOE) Vehicle Technologies Program (VTP) is developing more energy-
efficient and environmentally friendly highway transportation technologies that will enable America to use less
petroleum. The long-term aim is to develop "leapfrog" technologies that will provide Americans with greater
freedom of mobility and energy security, while lowering costs and reducing impacts on the environment. DOE’s

VTP examines pre-competitive, high-risk research needed to develop:

e Component and infrastructure technologies necessary to enable a full range of affordable cars and light
trucks.

e Fueling infrastructure to reduce the dependence of the nation's personal transportation system on
imported oil and minimize harmful vehicle emissions, without sacrificing freedom of mobility and freedom

of vehicle choice.

As part of this ambitious program, numerous technologies, such as the following, are addressed: engines,

energy storage systems, fuel-cell systems, hydrogen storage, electric machines, and materials.

The 1993 Government Performance and Results Act (GPRA) holds federal agencies accountable for using
resources wisely and achieving program results. GPRA requires agencies to develop plans for what they intend to
accomplish, to measure how well they are doing, to make appropriate decisions on the basis of the information
they have gathered, and to communicate information about their performance to Congress and to the public. The
present study evaluates the benefits of the light-duty vehicle research conducted at DOE from fuel-efficiency and

cost perspectives, to support GPRA activities.

Because of the large number of component and powertrain technologies considered, the benefits were
simulated using Autonomie. Argonne National Laboratory designed Autonomie to serve as a single tool that can be
used to meet the requirements of automotive engineering throughout the development process, from modeling to
control. Autonomie, a forward-looking model developed using MathWorks tools, offers the ability to quickly
compare powertrain configurations and component technologies from the perspective of performance and fuel-

efficiency.

This report reviews the results of the DOE VTP. It gives an assessment of the fuel and light-duty vehicle
technologies that are most likely to be established, developed, and eventually commercialized during the next
35 years (up to 2045). Because of the rapid evolution of component technologies, this study is performed on a

yearly basis to continuously update the results based on the latest state-of-the-art technologies.
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While it is not possible to simulate all the different combinations, more than 2,000 vehicles were

simulated in the study to take the following into account:

e Major powertrain configurations (i.e., conventional, power-split, extended-range electric vehicle (E-REV)
and battery electric drive),

e Major vehicle classes (i.e., compact car, midsize car, small sport utility vehicle [SUV], large SUV, and
pickup), and

e  Major fuels (i.e., gasoline, diesel, compressed natural gas (CNG), and ethanol).

These technologies were assessed for five different timeframes—2013, 2015, 2020, 2030, and 2045.

Finally, uncertainties were included for both performance and cost aspects by considering three cases:

e Low case (10% uncertainty) — aligned with original-equipment-manufacturer improvements based on
regulations,
e Average case (50% uncertainty), and

e High case (90% uncertainty) — aligned with aggressive technology advancement based on DOE’s VTP.

The objective of the report is to provide an assessment of the conventional-fuel displacement and cost-

reduction potentials of advanced technologies up to the year 2045, including uncertainties.
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EXECUTIVE SUMMARY

The U.S. Department of Energy (DOE) Vehicle Technologies Program (VTP) supports new technologies to
increase energy security in the transportation sector at a critical time for global petroleum supply, demand, and
pricing. Consequences of our vehicles’ dependence on oil as their source of energy were shown by the “first oil
shock” brought on by the petroleum embargo of October 1973 and the “second oil shock” of 1979. However, this
oil dependence continues to increase unabated to the present, and the oil price run-up of July 2008 ($147 per
barrel of crude) illustrated the rapidity with which these discontinuities can occur. As such, the lack of widely
available and viable alternative non-petroleum-based fueling options for ground transport vehicles constitutes a
high risk to stable economic activity. Some means of providing energy to move vehicles that greatly reduces or
eliminates petroleum consumption must be developed. This challenge is greatly complicated by the fact that
virtually all alternatives have some inherent fossil-fuel component. The U.S. transportation sector used about
13.1 million barrels of oil equivalent per day in 2011. It consumed more oil than the total U.S. domestic oil
production. On-highway vehicles (passenger and commercial vehicles) used more than 11.2 million barrels of oil
equivalent per day, which accounts for more than 85% of the total transportation oil use and over 59% of total U.S.
oil use. The VTP focuses on ground transportation vehicles because of their dominant contribution to the nation’s

oil use.

The VTP collaborates with industry to identify priority areas of research needed to develop advanced
vehicle technologies to reduce and eventually eliminate petroleum use, and to reduce emissions of greenhouse
gases (GHGs), primarily carbon dioxide (COz), from carbon-based fuels. The VTP works on numerous technologies,

including the following:

e Development of hybrid electric vehicles (HEVs) and plug-in HEVs (PHEVs), which can significantly improve
fuel economy and petroleum displacement. This research supports President Obama’s goal of 1 million
PHEVs and EVs by 2015.

o  Deployment of alternative fuels, which can rapidly reduce oil imports.

e Reduction of vehicle weight directly improves vehicle efficiency and fuel economy and can potentially
reduce vehicle operating costs.

e Improved combustion technologies and optimized fuel systems can improve near- and mid-term fuel

economy for passenger vehicles by 25% to 40% for passenger vehicles by 2015.

The objective of the present study is to evaluate the benefits of the DOE VTP for a wide range of vehicle
applications, powertrain configurations, and component technologies for different timeframes, and to quantify the
potential future petroleum displacement up to 2045, as well as the cost evolution. More than 2,000 light-duty

vehicles were simulated with Autonomie, Argonne National Laboratory’s (Argonne’s) vehicle simulation tool.
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Because of the large number of powertrain and component technologies, only a limited number of
combinations were taken into account (i.e., micro or “mild” HEVs were not included), leading to the consideration
of more than 2,000 vehicles. To address performance and cost uncertainties, three cases were considered: low
(10%), average (50%), and high (90%) uncertainty. When available, the high-case assumptions were based on the
FreedomCAR and Fuel Partnership program goals. The other assumptions were developed through discussions
with experts from companies, universities, and the national laboratories. While the uncertainties are expected to
provide a range, it should be noted that several ongoing research projects or lack of data for specific technologies
could lead to significantly higher fuel-efficiency gains than considered in the study. For example, the engine gains
could be considered less aggressive than for other technologies, and readers should take this parameter into
account during the analysis. More than 400 assumptions were necessary to define each vehicle. Some of the main

assumptions are highlighted below:

o The difference in peak efficiency between gasoline and diesel engines is expected to narrow in the future
because of the combination of advanced gasoline engine technologies and the impact of evermore
stringent after-treatment for diesel.

e Coupling ultra-capacitors with batteries was not considered, owing to higher cost and expected increase
in lithium ion (Li-ion) battery life and cold-start performance in the short term.

e Because of the drive quality requirements in North America, automated manual transmissions were not
included in the study. Continuously variable transmissions (CVTs) have also shown issues with reliability
and fuel-efficiency gains and were not considered.

e The peak efficiencies of fuel-cell systems remain constant in the future, as most research is expected to
focus on reducing cost and increasing durability. The costs used were based on the assumption that

500,000 units are produced per year.

The main results related to vehicle sizing, fuel efficiency, and cost are highlighted in the following

sections.

ES.1. VEHICLE SIZING

Advances in material substitution will play a significant role in reducing overall vehicle weight and,

consequently, component power and energy requirements.

e Because of the impact of the component max-torque shapes, maintaining a constant power-to-weight
(P/W) ratio between all configurations leads to an inconsistent comparison between technologies due to
different performances. Each vehicle should be sized independently to meet specific Vehicle Technical

Specifications (VTS).
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e Reducing the vehicle weight (“lightweighting”) has greater influence on electric drive vehicles (EDVs) than
on their conventional counterparts due to the impact of the battery mass on EVs.

e  While performance (i.e., time for 0-60 mph) is the primary factor used to size components for current
technologies, aggressive future lightweighting can make gradeability requirements the critical sizing
criteria.

e Vehicle weight decreases in the range of 12% to 65% by 2045 across powertrain configurations. The
weight reduction, however, varies with the configuration. For the configurations using an engine, the
weight reduction for the gasoline conventional powertrain ranges from 12% to 40%, power-split HEVs
from 15% to 43%, low-energy PHEVs (with all-electric ranges, or AERs, of 10 and 20 mi) from 16% to 45%,
and high energy PHEVs (30- and 40-mi AERs) from 20% to 48%. Configurations with fuel-cell systems
demonstrate a larger weight reduction, with fuel-cell HEV weight reductions ranging from 25% to 54%,
low-energy PHEV10s and PHEV20s (i.e., 10- and 20-mi AERs) from 25% to 55%, and high-energy PHEV30s
and PHEV40s (30- and 40-mi AERs) from 29% to 58%. Finally, battery-powered electric vehicles (BEVs)
achieve a weight reduction ranging from 25% to 65%. Overall, significant weight reductions can be
achieved compared with current technologies, especially for vehicles with large batteries.

e  Most of the component peak powers show a strong linear correlation with vehicle weight. As a result, it is
necessary to include secondary effects when analyzing the lightweighting benefits.

e Because of lightweighting and component efficiency improvements, the peak power of engine and fuel-
cell systems could be significantly reduced over time to meet current VTS. Engine peak power could be
reduced by 2045 over a 16% to 33% range for conventional gasoline, 17% to 43% for gasoline power-split
HEVs, and 18% to 44% for low-energy and high-energy PHEVs. As seen for vehicle weight, hydrogen-
fueled vehicles demonstrate a larger peak-power improvement than gasoline-fueled vehicles over time,
with fuel-cell system power decreasing in the range of 22% to 48% for HEVs, 23% to 49% for low-energy
PHEVs, and 25% to 51% for high-energy PHEVs.

e Battery peak power is also expected to decrease over time to meet current vehicle performance. The
battery power is expected to decrease up to 50% for gasoline-engine HEVs and PHEVs.

e  Battery total energy will be decreasing significantly owing to other component improvements, as well as a
wider usable state of charge (SOC) range. The reduction in energy required for PHEVs and BEVs could
range from 37% to 64% by 2045.

o While the fuel selection influences the engine size for conventional vehicles (i.e., diesel has lower peak
power than gasoline to higher maximum torque at low speed), the power required to meet the VTS for

EDVs is comparable across all fuels.

The different PHEVs show a linear relationship between the usable battery energy and the vehicle mass,

with the slope increasing with the AER.
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ES.2. VEHICLE FUEL-EFFICIENCY

Overall, the combination of technology improvements leads to significant fuel-consumption reduction
across vehicle applications. As a result, significant fuel can be displaced over the next few decades. There is a linear
relationship between lightweighting and fuel and electrical consumption. However, as previously discussed, that

relationship differs depending on the powertrain configuration.

‘ES.2.1. EVOLUTION OF FUEL CONSUMPTION COMPARED WITH
‘ REFERENCE 2013 GASOLINE CONVENTIONAL VEHICLE

Table ES-1 shows the adjusted fuel-consumption reduction by 2045, on the combined driving cycle, for

each powertrain configuration and fuel, compared with the reference gasoline conventional vehicle.

The results demonstrate significant improvements over time across all powertrain configurations and
fuels (Table ES-1). When considering the high-uncertainty case across all engines, conventional vehicles can
achieve a 22% to 62% fuel-consumption improvement; engine HEVs, 52% to 75%; engine PHEV10s, 61% to 80%;
and engine PHEV40s, 54% to 89%. Fuel-cell vehicles achieve an improvement of up to 79% for HEVs, 83% for
PHEV10s, and 91% for PHEV40s.

Table ES-1: Percentage fuel-consumption reduction (mi/gal gasoline equivalent

or MPGGE) of each powertrain by 2045, compared with reference 2013 gasoline
conventional powertrain (Electrical consumption is not taken into account for

PHEVs.)
Fuel\Powertrain | Conventional | HEV | PHEV10 | PHEV40
Gasoline 28-50 57-74 | 67-79 81-89
Diesel 34-52 52-70 | 61-76 82-89
CNG 22-43 58-72 | 66-78 54-56
Ethanol 44-62 60-75 | 69-80 78-87
Fuel Cell 67-79 | 72-83 86-91

ES.2.2. EVOLUTION OF SPECIFIC POWERTRAINS

Table ES-2 shows the 2045 adjusted fuel-consumption reduction, on the combined driving cycle, for each
powertrain configuration and fuel, compared with each configuration’s current status in 2013 (e.g., the diesel HEV

in 2045 is compared with the reference diesel HEV in 2013).

The results demonstrate that the maximum improvement expected for each powertrain technology
compared with its current status ranges from 16% to 65%. The range depends on fuels (i.e., diesel vehicles show

less improvement than gasoline vehicles) and powertrain (i.e., conventional engines have a lower maximum
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improvement than PHEV40s). When considering the entire uncertainty range, fuel-cell vehicles show the greatest
improvement over time.

Table ES-2: Percentage fuel consumption reduction for each powertrain by 2045,
compared with the respective current status (Values show uncertainty range.)

Fuel\Powertrain | Conventional | HEV | PHEV10 | PHEV40
Gasoline 28-50 39-63 42-64 30-62
Diesel 21-43 33-58 | 33-59 34-59
Ethanol 16-40 46-64 | 46-65 46-65
CNG 43-62 38-60 | 38-59 27-59
Fuel Cell 31-58 | 31-59 32-58

ES.2.3. POWERTRAIN COMPARISONS

e Conventional Gasoline Vehicles versus Engine HEVs
— The comparison between these powertrains shows that the fuel-consumption reductions due to
hybridization increase over time for all power-split HEVs.
— For gasoline HEVs, fuel-consumption reductions range from 38% to 46% for compact cars, 40% to
46% for midsize cars, 45% to 49% for small sport utility vehicles (SUVs), 43% to 47% for large
SUVs, and 43% to 50% for pickup trucks.

e  Conventional Gasoline Vehicles versus Engine PHEVs

— As is the case for power-split HEVs, the fuel-consumption reduction observed for PHEVs relative
to conventional gasoline vehicles remains fairly constant over time, ranging from 54% to 80%
(PHEV10, 20, 30, and 40).

— However, while the percentages decreased for higher vehicle weight classes, the benefits
remained fairly constant across platforms.

e Conventional Gasoline Vehicles versus Fuel-Cell HEVs

—  The current fuel-consumption reductions for fuel-cell HEVs compared with conventional gasoline
vehicles are 57% for midsize cars, 49% for small SUVs, 47% for large SUVs, and 45% for pickups.

— Because of expected improvements in fuel-cell system and hydrogen-storage technologies, the
fuel-consumption percentage improvements are expected to slightly increase over time. By 2045,
the benefits will increase from 53% to 59%, depending upon the vehicle class and uncertainties
considered. The reason why the increase is not larger is mainly due to the introduction of

start/stop systems rather than a regular conventional vehicle in 2030.
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e  Engine HEVs versus Fuel-Cell HEVs
—  Fuel-cell system technology offers consistently lower fuel consumption than power-split HEV
technology.
— The current fuel-consumption benefits of fuel-cell HEVs compared with gasoline power-split
HEVs are fairly constant across all vehicle classes and are around 31%.
— Because of the engine and fuel-cell system operating conditions for HEVs, the fuel consumption
improvement remains constant across all vehicle classes. However, the percentage is expected to

decrease by 20% to 25% by 2045.

ES.2.4. EVOLUTION OF FUEL COMPARISONS

e Gasoline versus diesel
— The differences between gasoline and diesel-engine fuel consumption for conventional vehicles
will tend to decrease in the future.
—  For conventional vehicles, the fuel consumption advantage of diesel engines, when considering
MPGGE, goes from 17% to 21% in 2013 to 5% to 9% by 2045.
— For HEVs, the fuel consumption benefit of diesel is smaller than for conventional vehicles,
ranging from 1% to 2% in 2013.
—  For PHEVs, the benefits of diesel compared with gasoline are minimal, ranging from 1% to 2% in
2013.
— However, the diesel engine retains the best fuel consumption for the vast majority of
uncertainties and timeframes.
e Ethanol
— Ethanol-fuel conventional vehicles are expected to narrow their fuel consumption penalty over
gasoline engines with time.
— The fuel-consumption penalty for ethanol deceases for increased hybridization degree and

battery energy.

ES.3. MANUFACTURING COST

Overall, the combination of technology improvements leads to significant manufacturing cost reduction
across vehicle applications. As a result, advanced technologies are expected to have significant market penetration

over the next decades.
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‘ES.3.1. COST EVOLUTION COMPARED WITH REFERENCE 2013 GASOLINE
‘ CONVENTIONAL VEHICLE

Table ES-3 shows the additional manufacturing cost by 2045, compared with the reference gasoline

conventional vehicle. The table shows a significant uncertainty range for the additional manufacturing cost across
all technologies. This high uncertainty highlights the need to pursue aggressive research over the next decades to

bring the cost of advanced technologies to a level that will favor high market penetrations.

Table ES-3: Additional manufacturing cost ($) of each powertrain by 2045, compared with

reference 2013 gasoline conventional engine for midsize cars

Fuel\Powertrain | Conventional HEV PHEV10 PHEV40

Gasoline 3,100-3,600 | 4,300-4,900 | 4,500-5,400 | 5,200-7,000

Diesel 3,900-4,400 | 5,200-5,800 | 5,400-6,300 | 6,100-7,700

CNG 5,100-5,300 | 5,100-5,900 | 5,300-6,300 | 5,900-7,800

Ethanol 3,700-4,200 | 4,900-5,600 | 5,100-6,000 | 5,800-7,700

Fuel Cell 4,000-5,500 | 3,800-5,700 | 4,800-7,600
BEV-100 3,800-6,100
BEV-300 7,800-12,000

ES.3.2. EVOLUTION OF COSTS FOR SPECIFIC POWERTRAINS

Table ES-4 compares the percentage change in the manufacturing cost between 2013 and 2045 for each

configuration relative to its current value.

Vehicle manufacturing costs for gasoline, diesel, compressed natural gas (CNG), and ethanol conventional
vehicles increase over time because of several factors, including lightweighting and advanced component
technologies such as direct injection. In contrast, the greatest reductions are noticed for the vehicles with high-

energy batteries and fuel-cell systems.

Because of the expected improvements in batteries, the higher the battery energy, the greater will be the
manufacturing cost reduction. As a result, PHEV40s demonstrate a larger cost reduction than PHEV10s across all
fuels. PHEV40s with gasoline engines show cost reductions ranging from 9% to 44% from 2013 to 2045, while

PHEV10s only show a cost reduction ranging from 2% to 25%.

The fuel-cell vehicle manufacturing costs decrease significantly over time. From 2013 to 2045, the
manufacturing costs for the fuel-cell HEV decreases by 22% to 33%, for the fuel-cell PHEV10 by 22% to 34%, and
for the fuel-cell PHEV40 by 30% to 43%.
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Table ES-4: Percentage manufacturing cost reduction for each
powertrain by 2045, compared with the respective current
manufacturing cost, for midsize cars

Fuel\Powertrain | Conventional | HEV | PHEV10 | PHEV40
Gasoline (-) 10-27 1-14 3-15 13-26
Diesel (-)1-14 8-20 10-21 18-30
CNG (-)1-9 10-20 | 15-25 17-29
Ethanol (-) 15-32 3-9 2-10 9-22
Fuel Cell 22-33 | 22-34 30-43
BEV-100 33-44
BEV-300 50-65

ES.3.3. POWERTRAIN COMPARISON

The manufacturing cost differences between different powertrain options tend to decrease over time. In
2013, for midsize cars, the gasoline power-split HEV is 37% more expensive than the conventional vehicle, the
PHEV10 43% more expensive, and the PHEV40 78% more expensive. By 2045, these percentages are 6% for HEVs,
12% for PHEV10s, and 22% for PHEV40s.

ES.3.4. FUEL-COMPARISON EVOLUTION

e Gasoline versus diesel

— The conventional diesel vehicle manufacturing cost will remain between 4% and 5% more

expensive than gasoline vehicles by 2045.
— The diesel HEV is between 13% and 14% more expensive to manufacture than the gasoline HEV

vehicle, but this difference tends to decrease after 2013 and reach a range of 4% to 5% by 2045.

ES.4. CONCLUSION

The combination of the technology improvements leads to significant fuel consumption and cost
reduction across light-duty vehicle applications. Because of the uncertainty of the evolution of the technologies
considered, research should continue to be conducted in the different areas showing high fuel displacement

potential.

Because of expected improvements, advanced technologies are expected to have a significant market
penetration over the next decades. In the short term, both engine HEVs and PHEVs allow for significant fuel
displacement with acceptable additional cost. While EVs do provide a promising solution, they are likely to remain
expensive and range limited in the near future. For the long term, fuel cell vehicles demonstrate very high fuel

displacement potential at a competitive cost
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This research will be updated on a yearly basis to include the latest powertrain technologies and

component technologies, as well as additional timeframes and vehicle applications.
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1. INTRODUCTION

1.1. THE ENERGY SITUATION

The current international energy situation has brought about serious concerns in most of the developed
countries about their use of fossil fuels and their need for developing renewable energy sources. This energy crisis
takes place in the context of oil-stock reduction and a dramatic demand increase from developing countries. A
study by Wang (2006) shows that Chinese on-road vehicles could consume up to 20.6 million bbl of oil per day by
2050. Moreover, China could face a tremendous increase in highway vehicles (including cars, trucks, and buses) in
the next 40 years. Indeed, depending upon the case scenario developed in the study, there could be between 486
and 662 million highway vehicles in China in 2050, compared with roughly 27 million in 2004. Such a dramatic
evolution could severely impact climate change and the oil market. The dilemma cannot be solved without

creating new energy and/or transportation systems that either consume less oil or are not dependent on oil.

With a consumption of almost 19 million bbl/day, the United States is by far the world’s highest-oil-
consuming country. As illustrated in Figure 1, the United States, with only 4.5% of the world’s population,

consumes almost a quarter of the world’s oil.

As shown in Figure 2, only 50% of the oil imported by the United States comes from the Western
hemisphere; the rest is imported from other regions of the world. The unstable and unpredictable political
situations in these other regions have led the United States to focus on reducing its oil dependency through

various programs in different sectors.

The data shown in Figures 3 and 4 separate the total energy consumption by the transportation, industry,
and other sectors according to energy type (e.g., coal, natural gas, oil, and nuclear). Although the development of
nuclear, coal, and renewable energy could help decrease the need for oil in the industrial sector in the future, the
primary focus should be the transportation sector, which is almost entirely dependent on oil as its primary energy

source.

Such a strong dependence on oil has important consequences for the current world energy situation. As
shown in Figure 5, in July 2008, the price of oil barrel exceeded $140/bbl, having doubled in less than a year.
Consequently, the gasoline consumer price has also dramatically increased in past years, reaching the historic
threshold of $4/gallon in the United States in June 2008. Even with a huge decrease at the end of 2008, the oil

barrel price remains high in 2010 compared with what it was before the crisis.
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Figure 1 - Fraction of the world’s oil consumption per country or continent
data from [EIA4]
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Figure 2 - Fraction of American imported oil per geographical region data from
[EIA;z]
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Figure 5 - Evolution of price of a barrel of oil from 1990 to 2010 data from [EIA4]

To address the issue, the U.S. government, and, in particular, the U.S. Department of Energy (DOE), has
developed various projects to find alternative energy solutions for the transportation domain. Among the different

possibilities that could be the key for the future, three main categories can be highlighted:

e The development of inexpensive and high-energy batteries to enable the commercialization of hybrid
electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs). PHEVs would allow the driver to travel
certain distances in electric-only mode and charge the vehicle overnight by plugging the car into the
regular electric network.

e The development of biofuels such as ethanol. The current ethanol vehicles (also called flex-fuel or E85
vehicles) use a fuel made of 85% ethanol and 15% gasoline.

o The development of fuel-cell vehicles that would entirely eliminate oil dependency.

A DOE report (DOE 2010) states that the Obama Administration is investing in a broad portfolio of

advanced vehicle technologies:

As part of the Department of Energy’s $12 billion investment in advanced vehicle technologies, the
Department is investing more than S5 billion to electrify America’s transportation sector. These
investments under the American Recovery and Reinvestment Act and DOE’s Advanced Technology Vehicle
Manufacturing (ATVM) Loan Program are supporting the development, manufacturing, and deployment

of the batteries, components, vehicles, and chargers necessary to put millions of electric vehicles on

America’s roads.

Page | 4



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

1.2. AMERICAN AUTOMOTIVE MARKET

The automotive market in the United States has greatly evolved over the past 30 years. These
modifications include not only the distribution of vehicle types sold but also changes in performance, weight, and
thus fuel consumption for all light-duty vehicles. Prior to the oil embargo of 1973, domestic oil was inexpensive
and abundant, and car companies produced large and heavy cars with powerful engines and poor fuel economy. A
combination of events, including increasing public desire for better fuel economy, increasing concern about carbon
emissions that resulted in state regulations on fuel economy and carbon emissions, key court decisions, and a
stated desire by the federal executive branch to decrease gasoline consumption, led to increasing Corporate

Average Fuel Economy (CAFE) standards, which automakers preferred to state-level regulations.

Figure 6 shows the fuel-economy evolution for both cars and trucks. In 1975, a dramatic increase in the
miles per gallon (mpg) began, and passenger-car fuel economy reached its peak in 1988, when cars averaged
24 mpg (a 71% improvement compared with 1975). However, since 1988, fuel economy has remained constant at
around 23 mpg for cars, and if we consider all light-duty vehicles, it has even gradually declined from 1988 to 2004.
Finally, since 2004, the light-duty vehicle adjusted fuel economy has increased from 20.2 mpg in 2006 to 21.2 mpg
in 2009. Since tailpipe carbon dioxide (CO2) emissions have an inverse relationship to fuel economy, emissions
showed a rapid decrease from 1975 through 1981; a slower decrease to a valley in 1987; a gradual increase until
2004; and a decrease for the six years beginning in 2005, with the largest decrease in 2009. It is interesting to see

that model year (MY) 2013 had the lowest CO2 emission rate and highest fuel economy.
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Figure 6 - Light-duty automotive technology, fuel economy, and emission trends: 1975 through 2013 (EPA 2013)
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A study from the Civil Society Institute (CSI 2007) states that the average fuel economy of European light-
duty vehicles is around 40 mpg, twice as high as in the United States. Also, CSI reports that, in 2008, only two cars
in the United States (the Honda Civic Hybrid and the Toyota Prius) got 40+ mpg, whereas 113 cars in Europe could
claim such an achievement. This means that more efficient vehicle technologies are available in the world, but
because American customers prefer larger and more powerful cars, such as pickup trucks and sport utility vehicles

(SUVs), the more efficient vehicles do not penetrate the U.S. automotive market.

Figure 7 shows the U.S. sales fractions for four different classes of light-duty vehicles: cars, SUVs, vans,
and pickups. If we group the last three vehicle types under the truck category, we notice that nearly half of the
light-duty vehicles sold in 2007 were “trucks.” In addition, the truck sales fraction has been increasing for the past
20 years. However, because of higher gasoline prices in 2008, the pickup truck sales fraction decreased from 13%
in February 2008 to 9.1% in May 2008 (DOE AutolnfoBank). Also, from June 2007 to June 2008, SUV sales dropped
54.7% and pickup truck sales dropped 35.6%, reflecting a deep change in consumers’ behavior and expectations.
Van and pickup truck sales continued to decrease in the following years until 2009. Truck market share is now at
the lowest level since MY 1995. The MY 2010 light-truck market share is projected to be 41%, based on pre-MY

production projections by automakers.

Production Share by Vehicle Type
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Figure 7 - Light-duty automotive technology and market share trends: 1975
through 2009 (EPA 2010)
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In May 2008, for the first time in 17 years, the Ford F-150 pickup truck was not the best-selling light-duty
vehicle in the United States. With 42,973 vehicles sold that month, it fell to fifth place after the Honda Accord

(43,728), Toyota Camry (51,291), Toyota Corolla (52,826), and Honda Civic (53,299) (Autoblog 2008).

Vehicle weight and performance are two of the most important engineering parameters that help
determine a vehicle's CO2 emissions and fuel consumption. Figure 8 shows that MY 2009 light-vehicle weight
averaged 3,917 lb, the lowest average weight since MY 2001. This weight reflects a decrease of 168 |b (4%) from
MY 2008, and the largest annual decrease since MY 1980. The average truck weight dropped by about 100 Ib, the
average car weight dropped by about 60 Ib, and the remaining difference was due to lower truck market share. In
MY 2009, the average vehicle power was 208 horsepower, the lowest value since MY 2003. Average horsepower
dropped by 11 (5%), the largest annual decrease since MY 1980, with most of the decrease explained by cars
having lower horsepower levels and trucks having a lower market share. The four-cylinder-engine market share
grew from 38% in MY 2008 to 51% in MY 2009 (and to nearly 70% for the car market). Estimated MY 2009 0-to-60

acceleration time remained constant at 9.7 seconds.

In summary, the American automotive market is steadily changing, with automakers trying to adapt their

light-duty vehicle offerings to consumers’ needs.
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Figure 8 - Vehicle weight and performance evolution from 1975 to 2010

1.3. HYBRID ELECTRIC VEHICLES
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1.3.1. CHARACTERISTICS

Hybrid electric vehicles (HEVs) are powered by at least two different sources of energy. In general, they
combine an electrical storage system (i.e., battery, ultra-capacitor, etc.) and thermal source (i.e., engine, fuel-cell

system, etc.).

The idea behind HEVs is to combine the advantages of conventional vehicles and battery-powered electric
vehicles (BEVs), so as to limit the drawbacks of each. EVs have excellent efficiency, owing to high electric-machine
efficiency (usually above 80% average on a cycle) and low battery losses. Furthermore, they can recover part of the

energy usually lost during deceleration. For EVs, batteries are the critical component due to their cost and life.

An HEV offers the following features:

e Idling stop: The engine is turned off at zero vehicle speed to avoid idling. The engine is started using the
electric machine. Depending on the electrical power available, the engine is started as soon as the vehicle

moves (low power) or at higher vehicle speeds (high power).

e Braking energy recovery: The energy usually wasted by friction during deceleration can be recovered as
electrical energy by an electric machine. The process is often called regenerative braking, as it regenerates

(part of) the energy that the vehicle had to provide to overcome the effect of inertia when accelerating.

e Low-speed electric machine propelling: When the electric machine has sufficient power, it can be used

alone to propel the vehicle, to avoid operating the engine at low load and low efficiency.

e Electric machine assist: At high power demand (i.e., when accelerating), the electric machine can assist

the engine, allowing downsizing as well as lower transients and emissions.

The features mentioned above are not all available for all HEVs and depend on the powertrain

configurations considered. Section 1.3.2 provides an overview of the main families of HEVs.

1.3.2.  PRIMARY POWERTRAIN CONFIGURATIONS

The various HEV powertrain configurations can be classified on the basis of their hybridization degree, as
shown in Figure 9. The hybridization degree is defined as the percentage of total power that can be delivered
electrically. The higher the hybridization degree, the greater the ability to propel the vehicle using electrical

energy.
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Figure 9 - Hybridization degree

There are numerous hybrid powertrain designs. The main families are described below and illustrated in

Figure 10.

Series Configuration

The first hybrids were generally based on a series configuration. In this case, the vehicle is propelled solely
by electrical energy. When an engine is used, it provides a generator with mechanical power, which then converts
it into electricity. In the case of a fuel-cell system, the electrical energy is directly used by the electric machine. The
main advantage is that the engine speed is decoupled from the vehicle speed, allowing an operating condition at
or close to its most efficient operating point. The main drawback is that the main components have to be oversized
to be able to maintain the same performance, which leads to higher vehicle weight. Finally, the large number of

components leads to a low powertrain efficiency.

Parallel Configuration

In a parallel configuration, the vehicle can be directly propelled by either electrical or mechanical power.
Direct connection between the energy sources and the wheels leads to lower powertrain losses compared with the
pure series configuration. However, since all of the components’ speeds are linked to the vehicle’s speed, the

engine cannot constantly be operated close to its best efficiency curve.

Several subcategories exist within the parallel configuration:
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Start-stop: A small electric machine is used to turn the engine OFF when the vehicle is stopped. Examples

include the Citroen C3.

Starter-alternator: This configuration is based on a small electric machine (usually 5 to 15 kW) located
between the engine and the transmission. Because of the low electric-machine power, this configuration
is mostly focused on reducing consumption by eliminating idling. While some energy can be recuperated
through regenerative braking, most of the negative electric-machine torque available is usually used to

absorb the engine’s negative torque. Examples include the Honda Civic, Honda Accord, and Citroen C3.

Pre- and post-transmission: Both configurations allow the driver to propel the vehicle in electric-only
mode as well as recover energy through regenerative braking. The electric-machine power usually ranges
from 20 to 50 kW. The main difference between these two options is the location of the electric machine
(before or after the transmission). The post-transmission configuration has the advantage of maximizing
the regenerative energy path by avoiding transmission losses. On the other hand, the pre-transmission
configuration can take advantage of different gear ratios that allow the electric machine to operate at

higher efficiency and provide high torque for a longer operating range.
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Power-Split Configuration

The power-split configuration, composed of an engine and two electric machines, allows both parallel and
series paths. The main feature is that all component speeds are decoupled, which allows a higher degree of

control.

Each configuration is represented in Figure 10.
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Figure 10 - Hybrid powertrain configurations

It is important to note that many different variations exist within each configuration (e.g.., power-split
configurations can be single-mode, two-mode, or three-mode) and among configurations (i.e., several
configurations are considered to be a mix of series, parallel and/or power-split). Overall, several hundred

configurations are feasible for electric-drive vehicles (EDVs).

1.3.3. HEV MARKET

Figure 11 shows the evolution of the hybrid-vehicle market from 1999 to November 2014. The first HEV
introduced in the American market was the Honda Insight in 1999. It is a small two-seater with an aggressive
design that has had limited success despite its excellent fuel economy (49 mpg city and 61 mpg highway in MY

2000, according to the U.S. Environmental Protection Agency [EPA]).

Toyota released its first Prius in the United States in 2000, and Honda released its hybrid version of the
popular Civic in 2002. After a redesigned, larger version of the Prius was released in 2004, Prius sales significantly

increased and exceeded sales of the hybrid Civic.
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Figure 11 - HEV sales in the United States from 1999 to November 2014 (Source: Zhou and Vyas, 2013)

Since 2000, the hybrid vehicles offered have expanded across multiple carmakers and vehicle classes.
Some SUVs (e.g., Toyota Highlander, Ford Escape, and Tahoe HEV) are now hybrid vehicles. In 2007, hybrid-vehicle
sales increased by 38% compared with 2006 and represented 2.2% of the total vehicle sales in the United States.

Several reasons explain the decrease of hybrid-vehicle sales since 2007:

1. Total vehicle sales decreased during that period,
2. Economic conditions made people cautious about investing in a more expensive technology, and

3. The price of fuel dropped.
The results can be seen clearly in Figure 12.

As shown in Figure 13, hybrid vehicle sales also correlate with gasoline prices, since people are more likely
to invest in an EDV if gasoline prices are high. For example, between April 2008 and October 2008, the U.S. average
gasoline price decreased from $4.10 per gallon to $1.80 per gallon. Simultaneously, hybrid-vehicle sales decreased
by more than 50%, with only 15,000 vehicles sold in January 2009. Figure 14 shows sales from 2010 to 2014 for
PEVS by model.

Figure 15 shows worldwide sales of various types of hybrid vehicles as percentages of total sales from
1999 to 2014. In 2013, 6% of cars (midsize and large) were HEVs, whereas roughly 0.5% of light trucks (SUVs,

trucks, vans) were HEVs.
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Figure 12 - U.S. HEV sales trends from 1999 to November 2010 (Source: Zhou and Vyas, 2013)
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Figure 14 - U.S. gasoline prices and HEV sales, 2010-2014 (Source: Zhou and Vyas, 2013)
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Figure 15 - HEV car and light-truck sales as share of worldwide vehicle sales (Source: Zhou and Vyas, 2013)
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1.4. PLUG-IN HYBRID ELECTRIC VEHICLES

1.4.1. DEFINITION AND CHARACTERISTICS

A PHEV, also called grid-connected HEV or extended-range EV (E-REV), is an HEV whose batteries can be
charged from a wall-outlet. In other words, the energy storage system can be plugged into an external electric-
power source. Because of their ability to be recharged from an outlet, PHEV batteries have a lower power-to-
energy ratio compared with their HEV counterparts. In addition, the increase in energy capacity for PHEV batteries
versus HEV batteries is more substantial than the increase in power requirements for PHEV batteries versus HEV
batteries. Their higher energy and power allow extended usage of the electric-only mode, leading to fewer engine
ON/OFF cycles. While the engine is started at a power demand of ~7-9 kW at the wheel for most HEVs, a PHEV
offers the ability to start it later, at from 10 to 30 kW, depending on the battery’s available energy, its state of
charge (SOC), and the trip distance.

Because of their ability to operate mostly in all-electric mode, PHEVs offer a very promising solution to
fuel displacement. PHEVs share the same powertrain components as HEVs, with a higher hybridization degree.
However, the vehicle’s ability to operate in electric mode requires different energy storage system technology

compared with current hybrids:

e Higher energy: the batteries have higher capacity and discharge range, as a function of all-electric range

(AER);

e Higher power: the electric system is in general more powerful, to be able to be the only source of power

in a wider range of situations; and

e Increased control freedom: the higher degree of hybridization allows a greater number of possible
electric-machine/engine-power combinations, leading to significant added complexity in determining the

optimal control strategy compared with HEVs.

The DOE envisions a key future role for HEVs and PHEVs in reducing oil consumption and enabling a
dramatic shift from petroleum-based transportation fuels to electricity, taking advantage of U.S. investments in
renewable energy that will result in a flexible, clean, and reliable power generation and distribution system in the
future. In January 2013, DOE released its Grand Challenge Blueprint: EV Everywhere. The plan is based on early
benchmark testing of PHEV conversion vehicles (i.e., stock hybrids with added battery capacity and control
modifications), vehicle modeling and simulation, and the status of batteries, power electronics, and electric motors

in the DOE technology research and development (R&D) programs.
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1.4.2. CHALLENGES

Battery Technology

Batteries are the most critical technology for PHEVs. They are characterized by

e High capacity, for greater AER (charge depleting [CD]);

e High power, to meet the power demand in all-electric mode;

e High range of SOC use; while conventional hybrids use between 10% and 15% of the total battery energy,

PHEVs use a larger percentage (e.g., 65% for the GM Volt or higher for other prototypes);

e Longer continuous periods of discharge and recharging; and

e Thermal management issues (heating).

The last two points have a major impact on battery life and performance variation.

Lithium batteries are believed to be the best solution at the present time, as they possess twice the

specific energy of nickel metal hydride (NiMH) batteries. However, they require sophisticated battery-

management systems and significant circuitry to prevent overcharging and overdischarge. Some safety problems

remain to be solved. Further battery R&D is still needed before long-life, compact, and inexpensive batteries are

available. The future market penetration of PHEVs will depend greatly on the success of battery R&D. Figure 16

shows the current status of lithium-ion (Li-ion) batteries compared with DOE goals.

Energy
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Figure 16 - Status of Li-lon batteries versus DOE goals (Source: Howell 2013)
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Electric Machine and Power Electronics

The electric-drive system entails substantial technical and economic challenges as well. PHEVs with full
performance (i.e., competitive acceleration and top speed) in electric mode require power electronics and electric
motors with twice the power of today’s hybrids—at lower cost (this requirement is, however, not considered a
“showstopper”). And the need for “smart” onboard battery chargers (to ensure efficient and cost-effective

recharging) adds more pressure for cost reduction.

Vehicle System

Special attention has to be paid to the design of the vehicle as a system. Because of the existence of two
power sources, multiple design and control choices affect overall efficiency. For PHEVs, one of the key questions is
the degree of hybridization, and more particularly, the “zero emission mode.” Will the electric machine provide all
the mechanical power or will it be assisted by the intermittent use of the engine? If so, what will be the level of
this assistance? Each possible solution has to be considered and the environmental/economic benefits assessed.
Several studies have been published to assess the impact of powertrain configuration and component sizing on

fuel efficiency (Sharer et al. 2007; Fellah et al. 2009), but more work needs to be performed.

Advanced energy management control strategies will provide the opportunity to use the vehicle at its
optimum efficiency (Karbowski et al. 2006; Rousseau and Moawad 2010; Moawad and Rousseau 2012); however,
additional applied R&D will be required. One of the current research approaches is to adapt the control strategy to

the trip conditions and even to the driver’s behavior through global optimization.

The ultimate goal is to develop a vehicle that would be beneficial from a macroscopic as well as a
customer point of view. Driving habits and patterns have to be reviewed to design one or several types of PHEVs

that would be potentially adapted to a significant number of customers.

Charging Infrastructure

Charging at home will require appropriate circuits: 220-V AC is preferred for Level 2 charging of vehicles
with longer electric ranges, compared with the standard U.S. household receptacle voltage of 110 V. Innovative
solutions will have to be found to provide convenient charging locations (e.g., in garages, parking lots, and other

structures) for those who do not have private garages.

In order to prepare for a significant market penetration of PHEVs, utilities have to develop their
generation facilities as well as specific management of their generation, transmission, and distribution assets to
balance the impact of PHEVs on the grid. Specific generation sites can also be developed, such as wind turbines for

night charging, or “solar” parking for day-charging. The possibility of bidirectional energy flow between the grid
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and PHEVs will require communication systems to optimize the leveling effect. Numerous studies have been

performed and are currently under way to examine these issues (Morrow et al. 2008).

1.5. INPUT DEVELOPMENTS

The inputs for the present study (i.e., component assumptions, control strategies, VTS, sizing algorithms,
etc.) were developed over several years through numerous discussions with both components and systems

experts.

To define an assumption, several experts were contacted independently to provide their input related to
their area of expertise for each uncertainty and timeframe considered. At least three experts were contacted

before defining an input. The assumptions will be discussed in detail in Chapter 3.
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2. METHODOLOGY

2.1. AUTONOMIE OVERVIEW

Many of today’s automotive control-system simulation tools are suitable for simulation, but they provide
rather limited support for model building and management. Setting up a simulation model requires more than
writing down state equations and running them on a computer. With the introduction of EDVs, the number of
components that can populate a vehicle has increased considerably, and more components translate into more
possible drivetrain configurations. In addition, building hardware is expensive. Traditional design paradigms in the
automotive industry often delay control-system design until late in the process—in some cases requiring several
costly hardware iterations. To reduce costs and improve time to market, it is imperative that greater emphasis be
placed on modeling and simulation. This only becomes truer as time goes on because of the increasing complexity

of vehicles and the greater number of vehicle configurations.

With the large number of possible advanced vehicle architectures and time and cost constraints, it is

impossible to manually build every powertrain configuration model. As a result, processes have to be automated.

Autonomie (Argonne 2011a; Rousseau n.d.) is a MATLAB®-based software environment and framework
for automotive control-system design, simulation, and analysis. The tool is designed for rapid and easy integration
of models with varying levels of detail (low to high fidelity) and abstraction (from subsystems to systems and entire
architectures), as well as processes (e.g., calibration, validation). Developed by Argonne National Laboratory
(Argonne) in collaboration with General Motors, Autonomie was designed to serve as a single tool that can be used
to meet the requirements of automotive engineering throughout the development process from modeling to

control. Autonomie was built to accomplish the following:

e Support proper methods, from model-in-the-loop, software-in-the-loop, and hardware-in-the-loop to
rapid-control-prototyping;

e Integrate math-based engineering activities through all stages of development, from feasibility studies to
production release;

e  Promote re-use and exchange of models industry-wide through its modeling architecture and framework;

e  Support users’ customization of the entire software package, including system architecture, processes,
and post-processing;

e Mix and match models of different levels of abstraction for execution efficiency with higher-fidelity
models where analysis and high-detail understanding are critical;

e Link with commercial off-the-shelf software applications, including GT-Power®, AMESim®, and CarSim©®,

for detailed, physically based models;
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e Provide configuration and database management; and

e  Protect proprietary models and processes.

By building models automatically, Autonomie allows the simulation of a very large number of component

technologies and powertrain configurations. Autonomie can do the following:

e Simulate subsystems, systems, or entire vehicles;

e  Predict and analyze fuel efficiency and performance;

e Perform analyses and tests for virtual calibration, verification, and validation of hardware models and
algorithms;

e  Support system hardware and software requirements;

e Link to optimization algorithms; and

e Supply libraries of models for propulsion architectures of conventional powertrains as well as EDVs.

Autonomie will be used to assess the fuel consumption and cost of advanced powertrain technologies.
Autonomie has been validated for several powertrain configurations and vehicle classes using Argonne’s Advanced
Powertrain Research Facility (APRF) vehicle test data (Kim et al. 2009; Rousseau et al. 2006; Cao 2007; Rousseau
2000; Pasquier et al. 2001).

With more than 400 different pre-defined powertrain configurations, Autonomie is an ideal tool for
analyzing the advantages and drawbacks of the different options within each family, including conventional,
parallel, series, and power-split hybrid vehicles. Various approaches have been used in previous studies to
compare options ranging from global optimization (Karbowski et al. 2009) to rule-based control (Freyermuth et al.

2008).

Autonomie also allows users to evaluate the impact of component sizing on fuel consumption for
different powertrain technologies (Nelson et al. 2007; Karbowski et al. 2007) as well as to define the component
requirements (e.g., power, energy) to maximize fuel displacement for a specific application (Fellah et al. 2009;
Rousseau et al. 2004). To properly evaluate any powertrain-configuration or component-sizing impact, the vehicle-
level control is critical, especially for EDVs. Argonne has extensive expertise in developing vehicle-level controls
based on different approaches, from global optimization to instantaneous optimization (Karbowski et al. 2010),

rule-based optimization (Sharer et al. 2008), and heuristic optimization (Rousseau et al. 2008).

The ability to simulate a large number of powertrain configurations, component technologies, and
vehicle-level controls over numerous drive cycles has been used to support many DOE as well as manufacturers’
studies. These studies focused on fuel efficiency (Delorme et al. 2008), cost-benefit analysis (Rousseau et al. 2005),

or greenhouse gases (GHGs) (Elgowainy et al. 2009; Wu et al. 2006). All the development performed in simulation
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can then be implemented in hardware to take into account non-modeled parameters such as emissions and

temperature (Vijayagopal et al. 2010).

Autonomie is the primary vehicle simulation tool selected by DOE to support its FreedomCAR Program
and Vehicle Technologies Program (VTP) (DOE n.d.[b]; Vehicle Systems Analysis Technical Team [2006]).
Autonomie has been used for numerous studies to provide the U.S. government with guidance for future research
(www.autonomie.net). More than 150 companies and research entities, including major automotive companies

and suppliers, are also using Autonomie to support advanced vehicle development programs.

2.2. STUDY PROCESS

The process to estimate the fuel consumption of various advanced powertrains can be divided into three

steps:

e Define the Architecture
The vehicle architecture is built using the different components available in the main database. In this
study, each component is associated with different uncertainties (low, average, and high) (see

Section 2.3).

e Size the Components
Algorithms are used to size the vehicle components to compare vehicles with the same Vehicle Technical
Specifications (VTS). Once the sizing is complete, all the components’ features are known, and thus it is
possible to estimate the retail price of the vehicle. The sizing algorithms are specific for each configuration

and will be discussed later in detail.

e Run the Simulation
The third step calculates the vehicle fuel consumption by simulating the different standard U.S. test

procedures.

2.3. TIMEFRAMES AND UNCERTAINTIES

To evaluate the fuel-efficiency benefits of advanced vehicles, each vehicle is designed from the ground up
based on each component’s assumptions. The fuel efficiency is then simulated using the Urban Dynamometer
Driving Schedule (UDDS) and Highway Federal Emissions Test (HWFET) cycles. The vehicle costs are calculated from
the component characteristics (e.g., power, energy, weight). Both cost and fuel efficiency are then used to define
the market penetration of each technology to finally estimate the amount of fuel saved. The process is highlighted

in Figure 17. This report will focus on the first phase of the project: fuel efficiency and cost.
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Figure 17 - Process to evaluate fuel efficiency of advanced vehicle technologies

To properly assess the benefits of future technologies, several options were considered, as shown in

Figure 18:

e  Five vehicle classes: compact, midsize car, small SUV, medium SUV, and pickup truck

e Five timeframes: reference 2013, 2015, 2020, 2030, and 2045

e  Five powertrain configurations: conventional, HEV, PHEV, fuel-cell HEV, and EV

e  Four fuels: gasoline, diesel, ethanol, and CNG

o Three risk levels: low, average, and high. These correspond, respectively, to 10% uncertainty (aligned with
original equipment-manufacturer [OEM] improvements based on regulations), 50% uncertainty, and 90%
uncertainty (aligned with aggressive technology advancement based on the DOE VTP). These levels are

explained more fully below.
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Overall, more than 2,000 vehicles were defined and simulated in Autonomie. The study does not include

mild hybrids and does not focus on emissions. Micro hybrid technology is introduced starting in 2030 to replace
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Figure 18 - Vehicle classes, timeframes, configurations, fuels, and risk levels considered

When dealing with uncertainties, numerous methodologies are available. In previous studies, Argonne has
compared Monte Carlo simulation with a triangular distribution analysis (Faron et al. 2009). By allowing the
introduction of uncertainty into our algorithm inputs, the Monte Carlo method increases the amount of useful
information to describe a vehicle’s possible behaviors. The major improvement concerns the introduction of the
risk notion associated with each result. Rather than providing a single forecast value, Monte Carlo simulation
provides the probability of occurrences associated with every possible output value. As a result, forecasts are more

fully and accurately described, and confidence intervals can be derived for each output.

The results from Monte Carlo simulations based on a midsize PHEV were defined, providing a mode for
both fuel economy and cost within a certain confidence interval. The approach was then compared with the
existing three-point option. Results demonstrated that, as expected, Monte Carlo simulation provided a narrower
range. However, increasing the amount of information available in the results has a computational cost. The
experiments carried out so far led us to a first evaluation of the number of points required to simulate. This
number varies from 100 to 200, depending on the number of uncertain inputs considered. While computational
time varies for each configuration, the average time required to simulate a PHEV on all these points was

150 minutes.
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Because of the large number of vehicles considered in the study, the triangular distribution approach
(low, average, and high) was employed, as shown in Figure 19. For each component, assumptions were made
(i.e., efficiency, power density), and three separate values were defined to represent the (1) 90th percentile,
(2) 50th percentile, and (3) 10th percentile. A 90% probability means that the technology has a 90% chance of
being available at the time considered. For each vehicle considered, the cost assumptions also follow the triangular
uncertainty. Each set of assumptions was, however, used for each vehicle, and the most efficient components
were not automatically the cheapest ones. As a result, for each vehicle considered, we simulated three options for
fuel efficiency. Each of these three options also had three values representing the cost uncertainties. A more

detailed description of the uncertainty process is available (Henrion 2008).

Triangular
Triangular analysis was used for
each assumption
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Figure 19 - Uncertainty process description

The “reference case” used in the study was considered to be the low-uncertainty 2013 case.
2.4. COMPUTER CLUSTER UTILIZATION

As shown previously, the number of combinations is very large, since a very large number of vehicles need
to be sized and simulated. Taking into account that the sizing algorithms run as an iterative process, it becomes
clear that a lot of simulating and calculating power is required from the computer hardware system. For such
applications, a high-performance computing center is available at Argonne. It is composed of a stack of

128 calculating machines and a server computer.

An algorithm was developed for optimizing the distribution of jobs for vehicle simulations and parametric
studies (Mathworks n.d.; Pagerit 2007). This system (Figure 20) was used to run the entire study. However, even
with this powerful tool, the total simulation time was about 15 hours for sizing and 10 hours for simulation. This

distributive computing operation tremendously decreased the sizing and simulation time, which otherwise would
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have taken many weeks. The distributed computing also greatly facilitated the reruns of simulations, which

occurred numerous times during this study.
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Figure 20 - Matlab distributive computing process diagram
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3. COMPONENT ASSUMPTIONS

The assumptions for each component were developed in collaboration with experts from DOE, national
laboratories, industry, and academia. The following paragraph represents a compromise reached by the authors of

the study and should not be attributed to any specific company.

Several hundred assumptions are required to run a single vehicle simulation. Figures 21 and 22 show a
short list of these assumptions for the components and vehicles, respectively. The following sections only provide
information regarding a very limited set of assumptions, since most of the assumptions were provided by industry

partners and are considered proprietary.

Engine Electric Machine Fuel Cell
Iecllmology Technology
Puek Peak Torque Technology
eak Torque Specific Power Specific Power
Effeglﬁc Power Efficiency Efficiency
iciency Time response Time response
Time response Cost... Cost...
Cost...
Transmission Energy Storage Hydrogen Storage
Technology £ Technology
Gear Number B Specific power ) Technology
Mass LS Power and energy oversize System Gravimetric Capacity
Efficiency 3 Efficiency (Rint, Voc...) Cost...

Cost... SOC window S
Cost...

Figure 21 - Main component assumptions

Vehicle (frontal area,

drag coeff...)
Vehicle weight \

distribution \ ,

Accessories (A/C...)

Fuel Tank (size,
weight, cost,
range)

Front wheel drive
vs. rear wheel

drive Glider (mass,
cost)

Performance Requirements: ¢ \

1) 0-60mph Wheel (radius, rolling

2)  Maximum vehicle speed resistance, cost...)

3)  Gradeability

Figure 22 - Main vehicle assumptions
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When available, the high-case assumptions were based on the FreedomCAR and Fuel Partnership
program goals (Ward 2010). The other assumptions were developed through discussions with experts from

companies, universities, and the national laboratories.

3.1. ENGINE

3.1.1. REFERENCE ENGINE AND PROJECTIONS

Several state-of-the-art internal combustion engines (ICEs) were selected as the baseline for the fuels
considered: gasoline (spark ignition [SI]), diesel (compression ignition [CI]), ethanol (E85), and CNG. The engines
used for HEVs and PHEVs are based on Atkinson cycles, generated from test data collected at Argonne’s

dynamometer testing facility (Bohn 2005). Table 1 shows the engines selected as a baseline for the study.

Table 1: Definition of the baseline engines used in the present study

Displacement Peak Power
Fuel Source (L) (kw)
SI (Conv) Car manufacturer 2.4 123
CI Car manufacturer 1.9 110
CNG Car manufacturer 1.5 111
E85 (Conv) Car manufacturer 2.2 106
SI/E85 (HEV) | Argonne 1.5 57

Technologies available to increase the efficiency of engines include the following:

e  Low-friction lubricants

e Reduced engine friction losses

e  (Cylinder deactivation

e Variable valve timing (VVT) and variable valve lift

e  Turbocharging and downsizing

e  Variable compression ratio (VCR)

e  Stoichiometric and lean-burn gasoline direct injection (GDI)

e Diesel engine

A literature review (Morrow et al. 2008) was conducted to select the preceding technologies and define
their impacts on both peak efficiency and engine map. Since all the technologies could not be represented because

of the lack of data, a few technologies were selected, including low-friction lubricants, reduced friction losses,
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direct injection, and VVT. Cylinder deactivation, turbocharging, and VCR were not included. It should be noted that
several ongoing engine research projects could lead to technologies affording significantly higher fuel-efficiency
gains than those considered in this study (Ciatti and Subramanian 2010). As such, the engine gains should be
considered less aggressive than gains for other technologies and this should be taken into account during the

analysis.

Figure 23 shows the peak efficiencies of the different fuels and technologies.

Among the different ICEs, the CNG engine shows the most significant efficiency increase, from 36% in the
reference case to 52% in the 2045 high case, because of the introduction of direct injection. The other engines
show a lower increase in efficiency, since they are already well-developed technologies. The efficiencies of the
other ICEs increase from 42% in the reference case to 50% in the 2045 high case (diesel), 36% to 50% (gasoline),
and 36% to 52% (ethanol for HEV and PHEV applications). Of note is that the difference in peak efficiency between
gasoline and diesel is expected to narrow in the future, because of the combination of advanced gasoline engine

technologies and the impact of evermore stringent after-treatments for diesel.

S Flex Fuel for HEV | ... ______________ ________ «|
[ Diesel T i

Engine Efficiency in %
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Figure 23 - ICE efficiency for diesel, CNG, and gasoline fuels

3.1.2. DETERMINATION OF NUMBER OF CYLINDERS

To properly select the reference engine and calculate its cost, it is necessary to decide how many cylinders

are needed for a given power.
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Figure 24 shows the relationship between the number of cylinders in a gasoline engine and the peak
power. This figure is based on data in the literature. On the basis of Figure 24, 4-cylinder engines were used up to a
power of 140 kW, 6-cylinder engines for a power between 140 and 220 kW, and 8-cylinder engines for a power

above 220 kW.
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Figure 24 - Number of cylinders versus engine power for database
gasoline engines (Blue = values from the database; red = thresholds
chosen for the study.)

The same approach was taken for diesel engines, as shown in Figure 25. The small number of diesel
engines in the U.S. database does not provide as clear a distribution as the gasoline case, but from the distribution
shown in Figure 24, the same thresholds were used. The ethanol engines will use the same cylinder/engine-power

equation as the gasoline and the diesel engines.
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Figure 25 - Number of cylinders versus engine power for database
diesel engines (Blue = values from the database; red = thresholds
chosen for the study.)

3.2. FUEL-CELL SYSTEM

Fuel-cell vehicles are undergoing extensive R&D because of their potential for high efficiency and low
emissions (zero-emission). Because fuel-cell vehicles remain expensive and there is limited demand for hydrogen
at present, very few fueling stations are being built. To try to accelerate the development of a hydrogen economy,

some OEMs in the automotive industry have been working on a hydrogen-fueled ICE as an intermediate step.

Figure 26 shows the specific power and specific energy of the fuel-cell system. As shown, the specific
power and power density continuously increase. Between the reference case and 2045, the specific power
increases by 67% to 120%, and the power density increases by 68% to 192%. It should be noted that in the case of

the fuel-cell systems, all the assumptions other than the efficiency curve were provided by DOE.

The fuel-cell system model used for the study was based on a steady-state look-up table. The efficiency
curve was provided by a car manufacturer. As a result, the additional losses from the balance of plant due to

transient operating conditions were not taken into account.

Figure 27 shows the evolution of the fuel-cell system peak efficiencies. The peak fuel-cell efficiency was

assumed to be at 60% currently and it will increase up to 68% by 2045.
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Figure 27 - Fuel-cell system efficiency and cost

3.3. ELECTRIC MACHINE

Two different electric machines were used as references in this study:

Power-split vehicles operate with a permanent-magnet electric machine (similar to that used in the

Toyota Camry) with a peak efficiency of 95%.
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e Series configurations (both engine and fuel cell) and EVs use an induction primary electric machine with a

peak efficiency of 95%.

The reference electric-machine data were provided by car companies, suppliers, and Oak Ridge National

Laboratory.

As shown in Figure 28, the power-electronic specific power will significantly increase between 2013 and
2045. Both electric machines used in the study have a reference peak efficiency of 89%. As shown in Figure 29, it

will increase from 89% to 98% between 2013 and 2030 and will remain at that value in 2045.
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Figure 28 - Electric-machine and power-electronic specific power
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Figure 29 - Electric-machine peak efficiency

3.4. ENERGY STORAGE SYSTEM

Only batteries were used in the present study, on the assumption that ultra-capacitors alone could not

provide sufficient available energy for full hybrid applications. We also considered that coupling ultra-capacitors

with batteries would be cost prohibitive and that Li-ion battery life would be significantly improved in the short

term, making the combination ineffective.

The batteries used in the study as the reference were provided by Argonne, Idaho National Laboratory,

and major battery suppliers. A scaling algorithm developed by Argonne’s battery experts was used for the high-

energy cases (Nelson et al. 2007).

The battery used for the HEV reference case was a NiMH battery. It was assumed that this technology is

the most likely to be used until 2015. This is why we simulated the HEVs with this battery for the reference case;

2013 low, average, and high cases. The model used was similar to the one found in the Toyota Prius. For PHEV

applications, all the vehicles were run with a Li-ion battery from Argonne. Tables 2 and 3 provide summaries of the

battery characteristics and technologies, respectively.

Table 2: Description of reference battery characteristics

Source

Technology

Reference Cell
Capacity [Ah]

HEV

Idaho National Laboratory

NiMH

6.5
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Battery manufacturer Li-ion 6
PHEV Argonne National Li-ion 41
Laboratory
Table 3: Battery technology selection for each timeframe
2013 2015 to 2045
ref/low | avg avg | low | avg | high
HEV | NiMH | NiMH | Li-ion Li-ion

After a long period of time, batteries lose some of their power and energy capacity. To be able to

maintain the same performance at the end of life (EOL) compared with the beginning of life (BOL), an oversize

factor is applied while sizing the batteries for both power and energy. These factors are supposed to represent the

percentage of power and energy that will not be provided by the battery at the EOL compared with the initial

power and energy given by the manufacturer. The oversize factor is decreased over time to reflect an

improvement in the ability of batteries to uniformly deliver the same performance throughout their life cycles.

Figure 30 shows that the reference vehicles are sized with a 20% power oversize factor for all hybrid vehicles and

energy oversize factors of 30% for PHEVSs. In 2045, these values will be reduced to 10% to 14% for power oversize,

and 20% to 30% for PHEV energy oversize. These oversizing factors influence the cost and weight; however, all the

simulations are run at EOL (i.e., the additional weight is taken into account, but the power and energy used for the

simulation are the ones from EOL).
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Figure 30 - Power and energy oversize for HEVs and PHEVs
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Figures 31 and 32 show the relationship between the power/energy ratio and the battery energy cost.
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Figure 32 - Relation between power/energy ratio and battery energy cost

Figure 33 shows that the SOC values used for PHEVs were 30% for the minimum and 90% for the
maximum in the reference case. It also shows that they change slightly over time to reach 20% for the minimum

and 95% for the maximum in the 2045 high case.
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Figure 34 shows that the SOC values used for EVs were 20% for the minimum and 90% for the maximum
in the reference case. It also shows that they change slightly over time to reach 10% for the minimum and 95% for

the maximum in the 2045 high case.

SOC min and max for High Energy Applications
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Figure 33 - Battery SOC for PHEVs
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Figure 34 - Battery SOC for EVs

3.5. DRIVELINE
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Several types of transmission technologies were considered in this study:

e Increased number of gears for automatic transmissions. Additional gears allow the engine to be
operated closer to its best efficiency line. While they are now limited to high-end vehicles, high-speed
transmissions (i.e., up to eight gears) are expected to be used in a larger number of vehicles in the near
future.

e Dual-clutch transmission (DCT). Every car manufacturer, if it does not already have some DCT models in
production, is working on developing the technology. DCTs are likely to be the next dominant
transmission technology in the future, since they combine the advantages of automatic transmissions

(drive quality—no torque interruption) and manual transmissions (efficiency—no torque converter).

Because of drive-quality requirements in North America, automated manual transmissions were not
included in this study. Continuously variable transmissions have issues related to reliability and fuel-efficiency

gains (the engine gains are often offset by higher transmission losses) and were not considered either.

Conventional vehicles were simulated with an automatic transmission, since that option best represents

the American car market. However, a midsize car with a DCT was simulated for a few timeframes.

Power-split HEVs and PHEVs both have a planetary gear set with 78 ring teeth and 30 sun teeth. Finally,
the fuel-cell vehicles and EVs use a two-speed manual transmission to increase the powertrain efficiency as well as
allow them to achieve a maximum vehicle speed of at least 100 mph. Tables 4 through 7 give the characteristics of

all transmissions used in the study.
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Table 4: Transmission technologies modeled for different vehicle classes (")

Parameter 2013 2015 2020 2030 2045
Low I Med | High Low | Med | High Low Med High Low I Med I High Low Med High
Peak Efficiency (%)
Automatic Trans 97 97.5 98 97 98 98.5 97.5 98 98.5 97.5 98 98.5 97.5 98 98.5
DCT 98.5 98.5 98.5 98.5 98.5 99 98.5 98.5 99 98.5 98.5 99 98.5 98.5 99
Planetary gearset 98 98 99 98 98.5 99 98 98.5 99 98 98.5 99 98 98.5 99
Final Drive Peak Efficiency (%) 98 98 98 98 98 98.5 98 98 98.5 98 98 98.5 98 98 98.5
Conventional Vehicle
gb Compact MCOMe6 MCOMe6 MCOMe6 MCOM6 MCOM6 | MCOM6 | MCOM6 | MCOM6ED | MCOMSD | MCOME6D | MCOMSD | MCOMSD | MCOM6D | MCOMBSD | MCOMSD
gb Midsize MCAR6 MCAR6 MCAR6ED MCAR6 MCAR6 | MCARED | MCAR6 MCAR8 | MCAR8D MCAR8 MCAR8 | MCAR8D | MCAR8 | MCARSD | MCAR8D
gb Small_Suv SSuUvVe SSuve Ssuveb SSuve SSUV6 | SSUVeD | SSUV6 | SSUveD | SSUV8D | SSuveD | SSuveD | SSUv8D | SSuveD | SSUv8D | SSuv8D
gb Midsize_SUV MSUV6 MSUV6e MSUVe MSUV5 MSUV6 | MSUV6 | MSUV6 | MSUV6 MSUV7 MSUV6 MSUV7 MSUV8 MSUvV7 MSUV8 MSUV8
gb Pickup PICKUPS PICKUP5 PICKUP5 PICKUP5 | PICKUP6 | PICKUP6 | PICKUP6 | PICKUP6 | PICKUP8 | PICKUP6 | PICKUP8 | PICKUP8 | PICKUP8 | PICKUP8 | PICKUP8

(*) The code names of the transmissions are based on the vehicle class (i.e., COM for midsize, MCAR for midsize car) and the number of gears. For example, SSUV6 means a small
SUV with a six-gear transmission.
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Table 5: Gear ratios, final drive, and cost for all transmissions

Name Type
MCOM5 | AU Gear Ratios 3.67 2.14 1.45 1.03 0.81
Final Drive 3.08
MCOM6 | AU Gear Ratios 4.45 2.91 1.89 1.44 1 0.74
Compact car Final Driye 3.47
MCOM6D | DCT Gear Ratios 3.917 2.429 1.436 1.021 0.867 0.702
Final Drive 3.85
MCOM8D | DCT Gear Ratios 4.6 2.72 1.86 1.46 1.23 1 0.82 0.69
Final Drive 3.06
MCARS5 | AU Gear Ratios 2.65 1.52 1.04 0.74 0.54
Final Drive 4.44
MCAR6 | AU Gear Ratios 4.58 2.91 1.91 1.44 1 0.74
Final Drive 3.2
Midsize CAR MCARGD | DCT Ge_ar Rat.ios 3.45 1.84 1.31 1.03 0.84 0.68
Final Drive 4.38
MCARS | AU Gear Ratios 4.71 3.14 2.1 1.67 1.29 1 0.84 0.67
Final Drive 3.06
MCAR8D | DCT Gear Ratios 4.6 2.72 1.86 1.46 1.23 1 0.82 0.69
Final Drive 3.06
SSUV5 | AU Gear Ratios 4.24 2.36 1.52 1.05 0.76
Final Drive 3.43
SSUV6 | AU Gear Ratios 4.58 2.96 1.91 1.44 1 0.75
Final Drive 3.51
Small SUV SSuUVeD | DCT Gear Ratios 4.48 2.87 1.84 1.41 1 0.74
Final Drive 3.16
SSuv8D | DCT Gear Ratios 4.6 2.72 1.86 1.46 1.23 1 0.82 0.69
Final Drive 3.06
MSUV5 | AU Gear Ratios 3.22 2.32 1.55 1 0.71
. Final Drive 3.25
Midsize SUV MSUV6 | AU | GearRatios | _ 4.15 2.34 152 114 0.86 0.69
Final Drive 2.52
MSUV7 | AU Gear Ratios 4.92 3.19 2.04 1.41 1 0.862 0.771
Final Drive 3.35
MSUV8 | AU Gear Ratios 4.71 3.14 2.1 1.66 1.28 1 0.83 0.66
Final Drive 3.72
45RFE | AU Gear Ratios 3 1.67 1 0.75
. Final Drive 3.55
Pickup Truck PICKUP5 | AU Gear Ratios | 3.52 2.042 14 1 0.716
Final Drive 3.9
PICKUP6 | AU Gear Ratios 4.17 2.34 1.52 1.14 0.86 0.69
Final Drive 2.17
PICKUP8 | AU | Gear Ratios 4.696 3.13 2.104 1.667 1.285 1 0.839 0.667
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Table 6: Power-split transmission characteristics for all vehicle classes

Cost 840
Gear Ratios Sun number of teeth = 30. Ring number of teeth =78
Final Drive 4.059

Table 7: Fuel-cell and electric-vehicle transmission characteristics for all vehicle classes

Cost 840
Gear Ratios 1.86/1
Final Drive 4.44

The efficiencies of the transmission types, other than automatic, and of the final drive, are already very
high and will increase only slightly over time, as shown in Figure 35. The planetary gear set will have the best

efficiency in 2030 and 2045 and will constitute the high case, with 99% efficiency.

The shifting algorithm that was used automatically defines the shifting strategy based on the powertrain
ratios and the component efficiencies to minimize fuel consumption while maintaining acceptable drive quality
(i.e. torque reserve). The algorithm has been validated using APRF test data, with several conventional vehicles

over the past 10 years.
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Figure 35 - Transmission peak efficiencies
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3.6. BODY AND VEHICLE

3.6.1. TECHNOLOGY OVERVIEW

One of the main factors affecting fuel consumption is vehicle weight. Lowering the weight
(“lightweighting”) reduces the forces required to follow the vehicle speed trace. As a result, the components can
be downsized, resulting in smaller components and decreased fuel consumption. However, the impact of
lightweighting is not the same for all the powertrain configurations. Studies show that the technology has greater

influence in conventional vehicles than their electric-drive counterparts (Pagerit et al. 2006).

The principal methodologies include material substitution (i.e., high-strength low-alloy steel, aluminum,
magnesium, etc.), improved packaging (i.e., ratio of interior volume to exterior size and weight), and unit body
construction (i.e., elimination of conventional chassis/body structure). Several studies have shown the potential to
decrease the weight by as much as 20% without cost penalties, which highlights the great potential of the
technology (USCAR 2010).

Reductions in rolling resistance, frontal area, and drag coefficient also have the potential to significantly
improve fuel consumption as they also lead to a reduction in the force required at the wheel. In this study, the
assumption was that the frontal area will increase rather than decrease because American consumers have

demanded vehicles with greater passenger and cargo volume (i.e., more room inside the vehicle).

Table 8 gives the main characteristics used as a reference.

Table 8: Main characteristics of the different vehicle classes

Glider Mass Frontal Area Wheel Radius
(Ref) in kg (Ref) in m2 Tire inm
Compact 820 2.19 P195/65/R15 0.317
Midsize 1,000 2.24 P195/65/R15 0.317
Small SUV 1,150 2.57 P225/75/R15 0.359
Midsize SUV 1,260 2.93 P235/70/R16 0.367
Pickup 1,500 3.27 P255/65/R17 0.381
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3.6.2. LIGHTWEIGHTING

The same glider mass reduction factor was applied to all vehicle classes (Figure 36).

The glider mass will be linearly reduced by up to 52% in the 2045 high case relative to the reference case.
The reduction is due to the use of different materials and technologies like aluminum. Note that the mass
reduction of the glider has been separated into three sections: body mass, chassis mass, and rest of weight. First,
the glider weight in this study was considered as the vehicle weight minus the powertrain components; that is, the
engine, after-treatment, electric machines, fuel cell, fuel storage, energy storage system, transmission, final drive,
wheels, and accessories. A fixed percentage of the glider mass was used for each section. It was assumed that 44%

of the glider is due to its body weight, 26% to its chassis weight, and 30% to other components (e.g., seats).

The glider cost changes are due to the technologies used to achieve the glider mass reduction (Figure 37).

For a midsize car, the reference-case glider costs $9,955 and is steel unibody.
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Figure 36 - Glider mass reduction for all vehicle classes
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Figure 37 - Glider costs for the five vehicle classes

3.6.3. DRAG COEFFICIENT AND ROLLING RESISTANCE

The same frontal-area increase factor was applied to all vehicle classes (Figure 38). The frontal area is
expected to increase up to 6% in the 2045 low case relative to the reference case. The increase pattern is not the
same between cases. Whereas the average and low cases will continuously increase, the high-case increase will be

maintained at 0% until 2015 and will be at 2% for the rest of the timeframes.

As shown in Figure 39, the drag coefficient and rolling resistance show similar evolutions across vehicle

classes.
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Figure 39 - Drag coefficient (right) and rolling resistance (left) values for the five vehicle classes

3.6.4. ACCESSORIES

As shown in Figure 40, the accessory load is expected to increase over time as the power needed to
supply electrical and electronic components increases in accordance with customers’ expectations (e.g., global
positioning system [GPS]) and powertrain complexity (e.g., added controllers). However, in all timeframes, the

non-conventional powertrains generally consume less power, except in the high cases. The values shown in
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Figure 40 are representative of average consumption during the standard cycle testing (i.e., dynamometer test).

Real-world accessory consumption would be higher.
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Figure 40 - Electrical accessory load
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4. POWERTRAIN SELECTION

As discussed previously, hundreds of powertrain options are possible. The following powertrains were

selected for the EDVs:

e Single mode power-split hybrid with fixed gear ratio (HEV, PHEV10, PHEV20)
e Series engine with two-speed gearbox (PHEV30, PHEV40)
e  Series fuel cell with two-speed gearbox (HEV, PHEVs)

e  Electric drive with two-speed gearbox for BEV

The selection of the single-mode power-split hybrid was based on the current sales volume of both
Toyota and Ford hybrid vehicles, which makes that configuration the dominant one on the market. However,
multi-mode configurations, such as the one implemented in the GM Tahoe (Grewe et al. 2007), are interesting

options, especially for SUV applications (Kim et al. 2010), and will be added in future studies.

The series engine configuration selected is the simplest one and has been used by many companies. For
this option, the E-REV powertrain used in the GM Volt (Tate and Savagian 2009) offers significant advantages,
especially during high-vehicle-speed operations. Since the Volt configuration was not yet public at the beginning of

this project, it was not used but will be added in future updates.

All the vehicles driven solely by electrical power use a two-speed gearbox. This choice was made to reach
the vehicle maximum-speed requirement of at least 100 mph. This transmission also allows an increase in the
powertrain efficiency. Another option to improve the electrical consumption is to use two electric machines (as is
the case in the GM Volt); however, the multi-speed option was preferred in order to meet the vehicle maximum-

speed requirements.

This study will be regularly updated, and the authors are planning to use both the multi-mode
transmission and E-REV configurations in future work. A significant amount of work has already been done with
the two-mode hybrid as the powertrain, and vehicle-level controls have been developed and validated using
vehicle test data from the APRF at Argonne (Kim et al. 2009; Karbowski et al. 2010). Models of the E-REV, as well as

its preliminary vehicle-level energy management, have also been developed and will be validated in the future.
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5. VEHICLE-LEVEL CONTROL STRATEGIES

It is easy to create a bad HEV, fuel-cell vehicle, and so forth, if all one is doing is assembling the various
parts. It takes significant knowledge, however, to design one that meets all customers’ expectations, from
performance to fuel consumption and drive quality. The vehicle-level control strategies used for the powertrain
described previously were developed over the past 12 years (Pasquier et al. 2001; Pagerit et al. 2005; Sharer et al.
2008; Cao 2007; Karbowski et al. 2006). Generic processes were developed over the years to not only create but

also validate the vehicle-level control strategies.

Figure 41 shows the generic process developed by Argonne for energy management. The process is

defined in three steps:

e Global Optimization (Karbowski et al. 2006): The objective of this step is to define the main rules. For
example, the engine turns ON based on the battery SOC, vehicle speed, and wheel torque demand.

e Rule-Based Control: In this step, the rules previously defined are implemented into an algorithm
(generally Simulink and StateFlow) and exercised to make sure they operate properly.

e Heuristic Optimization: The objective of the last step is to define the values of the parameters of the main
control strategy. For example, at which wheel torque does the engine turn ON for a specific SOC? The

algorithm Argonne generally uses to automatically define the parameters is DIRECT (Dlvided RECTangles).

Other approaches, such as instantaneous optimizations (Karbowski et al. 2010) were also developed and

implemented into Autonomie but were not used in the present study.

Argonne has several state-of-the-art vehicle dynamometers and has been involved in testing and
developing test procedures for advanced vehicles for many years. Over the past 12 years, numerous vehicle
configurations from different classes have been tested at the APRF. More than 20 of them were modeled and
validated into the Powertrain System Analysis Toolkit (PSAT) and now Autonomie. These included conventional
starter-alternators, full hybrids (input power-split, dual-mode power-split), plug-in hybrids (both after-market and
manufacturer prototypes), and EVs. The vehicles were validated within 1% for the conventional vehicles, 2% for

starter-alternators, and 5% for hybrids, which in all cases is within the test-to-test repeatability.
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Figure 41 - Vehicle-level control strategy development
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6. VEHICLE DEFINITION

6.1. VEHICLE TECHNICAL SPECIFICATIONS

All the vehicles were sized to meet the same requirements:

e Initial vehicle movement (IVM) to 60 mi/h in 9 sec +/-0.1 sec
e  Maximum grade of 6% at 65 mi/h at gross vehicle weight (GVW)

e  Maximum vehicle speed >100 mi/h

These requirements are a good representation of the current American automotive market as well as
American drivers’ expectations. A relationship between curb weight and GVW was developed based on current

technologies.

6.2. SIZING ALGORITHMS

Because of the large number of vehicles (several thousand) and the diversity of powertrain options, it is
not feasible to manually size each vehicle’s components to match the performance targets. Some studies (Kromer
and Heywood 2008) defined their vehicles by maintaining a constant P/W ratio between all powertrain
configurations. Due to the impact of the component max torque shapes, maintaining a constant P/W ratio
between all configurations leads to an inconsistent comparison between technologies because of different

performances. Each vehicle should be sized independently to meet specific vehicle technical specifications.

Not properly sizing the components will lead to differences in both fuel consumption and cost and will
influence the results. For example, the P/W ratio for a 2013 midsize vehicle with IVM = 60 mi/h in 9 sec varies from
85 to 75 W/kg, depending on the powertrain configuration. This difference will increase in the future because of a

decrease in weight penalty for the electrified powertrains.

On this basis, we developed several automated sizing algorithms to provide a fair comparison between
technologies. Different algorithms were defined depending on the powertrain (i.e., conventional, power-split,

series, electric) and the application (i.e., HEV, PHEV).

All algorithms were based on the same concept: the vehicle is built from the bottom up, meaning each
component assumption (i.e., specific power, efficiency, etc.) was taken into account to define the entire set of
vehicle attributes (i.e., weight, etc.). This process is always iterative in the sense that the main component
characteristics (i.e., maximum power, vehicle weight, etc.) are changed until all the VTS are met. On average, the
algorithm takes between 5 and 10 iterations to converge. Figure 42 is an example of the iterative process for a

conventional vehicle.
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Since each powertrain and application is different, the rules were specific. For example:

For HEVs, the electric-machine and battery powers were determined to capture all the regenerative
energy from a UDDS cycle. The engine and the generator were then sized to meet the grade ability and

performance (IVM; 60 mi/h) requirements.

For PHEV10s and PHEV20s, the electric-machine and battery powers were sized to be able to follow the
UDDS cycle in electric-only mode (this control was only used for the sizing; a blended approach was used
to evaluate consumptions). The battery usable energy was defined to follow the UDDS drive cycle for 10
or 20 mi, depending on the requirements. The engine was then sized to meet both performance and

grade ability requirements (usually, grade ability is the determining factor for PHEVSs).

For PHEV30s and PHEV40s, the main electric-machine and battery powers were sized to be able to follow
the aggressive USO6 drive cycle (duty cycle with aggressive highway driving) in electric- only mode. The
battery usable energy was defined to follow the UDDS drive cycle for 30 or 40 mi, depending on the
requirements. The genset (engine + generator) or the fuel-cell systems were sized to meet the grade

ability requirements.

< Conventional >

‘ ‘ Update Vehi'cle Masses ‘ ‘

A
Run Acceleration

Simulation

8.9<IVM-60<9.1 Yes'

No
4

‘ c(n) = Tuning(goal, value, {e(i):i=0..n-1} Fe(n—l) > Iim

‘ P(eng, n) = P(eng, 0) * c(n) ‘

|P(eng,n)-P(eng,n-1)| < 5

No

‘ ‘ Update Vehicle Masses ‘ ‘

Figure 42 - Conventional powertrain sizing algorithm
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It is important to note that the sizing algorithms provided the optimum component sizes when OEMs

would have to select among the available choices.

6.3. SIZING RESULTS

This section describes the maximum power, energy, and weight of the different vehicles after sizing.

6.3.1. CONVENTIONAL POWERTRAIN

The component characteristics of each vehicle class evolve similarly. In the following section, to avoid

presenting too many figures and plots, only the midsize class is presented.

Figure 43 shows the gasoline-engine peak power. One notices a small decrease in peak power due to

lightweighting.

Figure 44 shows the peak power of the diesel, CNG, and ethanol engines compared with the gasoline
engine. One notices that the diesel, CNG, and ethanol ratios stay roughly constant over time at around 0.9,
indicating that technology improvements (e.g., weight reduction, aerodynamics) influence all engine technologies

similarly with respect to engine peak efficiency.

Figure 45 shows that engine power changes linearly with vehicle weight. The fuel order tracks the power
ratios previously described. All engine technologies cover the same mass range but do not require the same

power; higher torque is present at lower engine speed in the diesel case.
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Figure 43 - Engine peak power with conventional powertrain for midsize car
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Figure 44 - Engine peak power compared with the same-year, same-case conventional
gasoline engine for a midsize car
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Figure 45 - Engine peak power as a function of vehicle mass for conventional
gasoline engine
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6.3.2. ENGINE HEV

'ENGINE

Figure 46 shows the peak power for midsize HEVs with gasoline engines. The engine power for HEVs is
determined by both the performance and grade requirements. While performance is the primary factor for current

technologies, future lightweighting makes grade ability requirements critical for some cases.

The ICE peak-power ratios also stay roughly constant over time for the power-split HEVs (Figure 47). CNG
and ethanol have approximately the same ratio over time, around 1, whereas diesel stays a little bit above 1.
Engine sizes are comparable across fuels for HEVs over time, unlike conventional engines where using diesel, CNG,

or ethanol fuels lead to engine downsizing.
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Figure 46 - Engine peak power for midsize HEVs with conventional powertrains
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Figure 47 - Engine peak power compared with the same-year, same-case gasoline split-
HEV engine for a midsize car

éELECTRIC MACHINE

Figure 48 shows the electric-machine power for HEVs with different fuels.

As shown in Figure 49, the peak-power ratios stay roughly constant over time. The diesel split HEV has a
more powerful electric machine than the gasoline split HEV. However, the CNG split HEV electric machine is more
powerful than the gasoline vehicle in 2013. For the ethanol vehicle, the electric-machine ratios are in the same

range as the ICE power ratios.
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Figure 48 - Electric-machine power for midsize split HEVs
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Figure 49 - Electric-machine peak power compared with the gasoline HEV engine for a
midsize car

'BATTERY

Figure 50 shows the HEV battery power. The powers were determined to capture the entire energy during
deceleration on the UDDS drive cycle. Lightweighting and increased component efficiencies contribute to lower

battery peak power.

Since the sizing algorithm for HEVs does not modify the battery capacity, the trend of the total energy

follows the total power (Figure 51).
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Figure 50 - Battery power for midsize gasoline HEVs
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Figure 51 - Total battery energy for midsize HEVs
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6.3.3. PHEV

ENGINE

Figure 52 shows the gasoline-engine peak power for the various PHEV powertrains and timeframes. In this

case, because of the large electric machine, the engines were all sized to provide gradeability.

Across all the AERs for power-split PHEVs, Flex-Fuel engines have power similar to their gasoline
counterparts, while diesel engines are the most powerful. The power ratios between the various engines and the
gasoline engine (Figure 53) are stable over time and from one AER to another. The trends are similar for the

PHEV30 and PHEV40.
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Figure 52 - Engine peak power for midsize PHEV powertrains
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Figure 53 - ICE power for midsize PHEV10s and PHEV20s relative to gasoline PHEV with
matching AER

ELECTRIC MACHINE

Figure 54 shows the peak power of the different electric machines for the PHEVs. The electric machines
for the PHEV10 and PHEV20 cases were sized to have the capability to follow the UDDS drive cycle in EV mode. The
electric machines for the PHEV30 and PHEV40 cases were sized to allow the vehicles to follow the US06 drive cycle.
Technology evolution leads to power reductions ranging from 3% to 28% by 2045 for PHEV10s, from 3% to 28% for
PHEV20s, from 5% to 28% for PHEV30s, and from 5% to 29% for PHEV40s (gasoline).
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Figure 54 - Electric machine power for midsize PHEVs

BATTERY

Figure 55 shows that the battery power for the PHEV10 and PHEV20 decreases by 16% over time. The
battery for the PHEV30 and PHV40 has nearly 3 times more power than for the PHEV10 and PHEV20, because of
the need to follow the US06 cycle in electric-only mode. From one AER to the next, the battery power increases by

an average of 2% for power-split and by an average of 3% for EREV powertrains.

Figure 56 shows that the usable battery energy is proportional to the AER for the various PHEVs. If the
AER is multiplied by 2, the usable battery energy will also be multiplied by 2. For all of the AERs, the usable-energy
decrease ranged from 4% to 30% by 2045.

The PHEVs all show a linear relationship between the usable battery energy and the vehicle mass

(Figure 57). However, it appears that the higher the AER, the greater the slope.
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Figure 55 - Battery power for midsize gasoline HEV and PHEVs
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Figure 56 - Usable battery energy for midsize PHEV10, PHEV20, PHEV30, and PHEV40
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Figure 57 - Total battery energy as a function of vehicle mass for gasoline PHEVs

6.3.4. FUEL-CELL HEV

Fuel-cell systems, like other components, show a decrease in peak power over time (Figure 58), which is
mostly due to vehicle lightweighting and better fuel efficiency. The total decrease from the reference case to the

2045 case ranged from 24% to 55%.

Figure 59 shows that the electric-machine peak power shows a decrease ranging from 17 to 42% between

2013 and 2045.

Total battery energy (Figure 60) shows a continuous decrease over time as well.
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Figure 58 - Fuel-cell system power for midsize fuel-cell HEVs
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Figure 60 - Total battery energy for midsize fuel-cell HEVs

6.3.5. FUEL-CELL PHEV

The fuel-cell system power decreases over time for all the AERs, with a reduction that ranges from 19% to

45% (Figure 61). From one AER to another, the changes in fuel-cell power are very small.

As shown in Figure 62, in terms of usable battery energy, the same pattern described for power-split
PHEVs can be observed for fuel-cell PHEVs. The energy is proportional to the AER and the energy decreases
continuously over time. For all of the AERs, the usable battery energy is from 15% to 45% lower by 2045 compared

with the reference case.

The electric-machine power continuously decreases by between 12% and 40% over time from the
reference case to 2045 (Figure 63). The higher the AER, the higher the electric-machine power within the same

year and case.

As shown in Figure 64, the battery energy has a linear relationship to vehicle mass, with a slope that

increases with the AER.
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Figure 61 - Fuel-cell system power for midsize fuel-cell PHEVs
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Figure 62 - Usable battery energy for midsize fuel-cell PHEVs
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Figure 63 - Electric-machine power for midsize fuel-cell PHEVs
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Figure 64 - Battery energy as a function of vehicle mass for midsize fuel-cell PHEVs
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6.3.6.

BATTERY ELECTRIC VEHICLE

Figures 65 and 66 show the impact of lightweighting and improved aerodynamics and tires on the electric-

machine peak power for BEVs. The electric machine and the battery are more than 50% less powerful by 2045

compared with the reference case.

The decrease in usable energy for BEVs between the reference case and 2045 is cut in more than half as

well (Figure 67).
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Figure 65 - Electric-machine power for midsize BEVs
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Figure 66 - Battery power for midsize BEVs
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Figure 67 - Usable battery energy for midsize BEVs
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7. TEST PROCEDURE AND CONSUMPTION CALCULATIONS

All the simulations were performed under hot conditions. The cold-start penalties were assessed after the
simulations, on the basis of test data collected at Argonne’s APRF and a literature search. A two-cycle test

procedure, based on the UDDS and HWFET drive cycles, was used.

7.1. CONVENTIONAL VEHICLES
The conventional vehicle test procedure follows the current EPA two-cycle test procedure (EPA n.d.).

The urban cycle for a non-hybrid vehicle (Figure 68) is composed of four parts:

Bag 1: cold start
Bag 2: stop and go
Idling

W oe

Bag 3: hot start

The highway cycle for a non-hybrid vehicle is composed of only one part, the HWFET (Figure 69).
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Figure 68 - The urban cycle for a non-hybrid vehicle
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Figure 69 - The highway cycle for a non-hybrid vehicle

7.2. HYBRID ELECTRIC VEHICLES

The HEV procedure is similar to the conventional-vehicle procedure except that the drive cycles are

repeated until the initial and final battery SOCs are within a tolerance of 0.5% (see Figures 70 and 71.)
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The urban cycle for a hybrid vehicle

Figure 70

Figure 71 - The highway cycle for a hybrid vehicle ( Only the results from the second cycle

were used.)
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‘7.2.1. TWO-CYCLE PROCEDURE CALCULATIONS FOR CONVENTIONAL
‘ AND HYBRID VEHICLES

FUEL CONSUMPTION

For the urban procedure, the fuel consumption was computed via Equation (1):

1 2 3 A
VFuel + VFuel VFuel + VFuel

1) FC =043 .
@ Dist, + Dist, Dist; + Dist,

Where
* V), = volume of fuel from Bag y,
* Dist,, = distance driven by the vehicle for the Bag y part of the cycle, and

e Z = Bag 2 for a non-hybrid vehicle and Bag 4 for a hybrid.

The same equation was used to compute the gas-equivalent fuel consumption as well as the SOC-adjusted

fuel consumption by replacing Vg, with the corresponding physical quantity.

The highway procedure results were the same as for a simple cycle, except for the hybrid case, where only

the results from Bag 1 were used to compute the values:

2
VFuel

2) FC=
@) Dist

COMBINED FUEL CONSUMPTION
The combined fuel consumption is a weighted value lying between the urban and highway cycles:

(3) Fceombined = (55 x FCUrPan 4+ 0.45 x FCMghway

7.3. PLUG-IN HYBRID ELECTRIC VEHICLES

This section describes the methodology currently implemented in Autonomie to support the Government
Performance and Results Act (GPRA). The implementation is based on the J1711 procedure. The procedure is

divided into several phases, as described below.

7.3.1. CHARGE-SUSTAINING ON THE UDDS CYCLE

1. Set battery SOC to charge-sustaining (CS) value.
2. Run UDDS.

3. 10-minute soak with the key off.

Page | 76



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

4. Run UDDS.

5. Assume the cycle charge is balanced. Display warning if it does not meet 1%.
Weightings and cold factor correction:
The following equations demonstrate the cold compensation:

MO—SOS

4) Mj_gps = ——2
4) 0-505 = 77 CFysp

Where
My_505 = fuel mass consumed during the time window between 0 and 505 sec,
CF,sr = cold-factor correction at 75°F, and

M _s0s = cold-corrected mass of fuel.

M;_
(5) Vol gos = ——>>

6gasoline

Where
Vol _sos = volume of fuel consumed during the time window between 0 and 505 sec, and

S gasoline = density of gasoline.

One can then calculate FCY°%S, the fuel consumed on the UDDS cycle:

Voly_sos + Volsge-1372

Volyg7,- + Volyyrg-
(6) FCYPPS = (.43 x < 1972-2477 2478 3340)

D1972—2477 + D2478—3340

+ 0.57 x (
Dy_s05 + Dsg6-1372 )

7.3.2.  CHARGE-SUSTAINING ON THE HWFET CYCLE

1. Set battery SOC to CS value.
2. Run HWFET.
3. Wait 4 sec.
4. Run HWFET.
5. Assume the cycle is charge balanced.
6. Perform calculations on the second HWFET cycle.
(7) FCHWFET — V0l765—1529
D765—1529
Where

Vol;¢s-1529 = volume of fuel consumed during the time window between 765 and 1,529 sec,

D;65_1529 = distance traveled during the time window between 765 and 1,529 sec, and
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FCHWFET = highway fuel consumption.

7.3.3. CHARGE-DEPLETING ON THE UDDS AND HWFET CYCLES

1. The calculations are identical for the UDDS and HWFET cycles.
Set battery SOC to full charge test initial SOC.

Run UDDS (HWFET).

10-minute soak with the key off (15-sec pause with key on).
Run UDDS (HWFET).

10-minute soak with the key off (15-sec pause with key on).

Repeat until SOC reaches the CD/CS crossover point and the last cycle is completed.

@ N o v A~ w N

Round down the number of cycles unless the CD range is less than one cycle. In that case, round up the

number of cycles. At least 1 CD cycle is required to run the analysis.
Cold weighting calculation:
The user specifies the number of cycles over which to apply the cold correction factor:

(8) Ncold = min(Nuser cd)

cold~
(9)  Npot = Neg — Neowa

Where

N_o1a = number of cold cycles,

Npo: = number of hot cycles,
user

cold = number of user-specified cold cycles, and

N¢q = total number of CD cycles.

a M: a M cold ’
(10) M ; cold™ cd—cold cold™ cd—cold N tMld not thlNhOt
cd — ) ’ ,(l 0 ca—not’ '({ 0 —_

Where

M2, _coia = mass of fuel consumed during the first cold CD cycle,

Mcl\ifflc‘zld = mass of fuel consumed during the last cold CD cycle,

CF;5p = cold-start fuel economy penalty at 75°F,

M}, _ 1ot = mass of fuel consumed during the first hot CD cycle,

N,
M hot

cdonot = Mass of fuel consumed during the last hot CD cycle,

Qco1a = User-specified cold weighting factor (default value = 0.43),

apot = user-specified hot weighting factor (default value = 0.57), and
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M, = column vector of cold-corrected fuel mass.

M,
(11) Vol,y = —=2

6gasoline

Where

Vol.4 = column vector of cold-corrected fuel volumes.

Note that each element in the Vol vector is divided by its respective distance:

Vol.4

(12) FC.y =
cd Dudds

Where
FC.4 = column vector of cold-corrected fuel consumptions.

The net battery energy used was calculated for each cycle using the open-circuit voltage and the current.

(DTygastt

(13) fori=1,--,Ny; Eéd = f V,c(t) * I(t)dt

(i-1Tydas

Where
Cid = net battery energy used during the i*" CD cycle,
Ty aas = duration of the UDDS cycle + soak time or (HWFET + 15 sec),
i = index of the CD cycle,
N4 = total number of CD cycles,
V. = open-circuit voltage as a function of time during the cycle, and

I = battery current as a function of time during the cycle.

N T
(14) E.q = [Ely - E 5"

Where

E.4 = column vector of net battery energy used on each cycle.

Note that each element in the E,; vector is divided by its respective distance.

Ecd

(15) EC. =
o Dudds * 775;5{; * ncharger

Where

EC.4 = column vector of electrical-energy consumption in AC-Joules (wall outlet),
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Dy, qas = distance traveled on a UDDS (or HWFET — Dyyrgr) cycle,

ng’,slz = user-definable efficiency of the battery during charging (default value = 0.99), and

Ncharger = User-definable efficiency of the charger (wall or in-vehicle) (default value = 0.94).
(16) fori=1,,Neg; Wi = #(i * Dlitdds) — u(i = 1) * D}jgqs

tea = (M1, bn gy

Where

Ucq = row vector of utility factors,

w4 = utility factor on the first CD cycle,

u; = utility factor on the i*" CD cycle,

Un,, = utility factor on the last CD cycle, and

u = fleet Mileage Fraction Utility Factor as a function of distance.

Nca

(17) FC = peaFCeq + | 1= ) my | Feq

L

Where

FC=fuel consumed on the city or highway portion of the PHEV procedure.
(18) EC = ucECeq

Where

EC = electrical energy consumed during the city or highway portion of the PHEV procedure.
Consumption adjustment factors:

Although only unadjusted values were used to support NEMS (National Energy Modeling System), MARKAL, and

SEDS (State Energy Data System), this section describes the adjusted fuel-consumption values provided.

(19) FEZE® =0.003259 + 1.1805 * FE“44s

(20) FEQ;V[“ = 0.001376 + 1.3466 * FEMWfet
(21) FCSyroined = 0.55 » FCI4S 4 0.45 « FCy?®*

adj adj

Electrical consumption (corrected) = 0.7 * electrical consumption, per communication with EPA.
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7.4. ELECTRIC VEHICLES

Start the battery at full SOC and run until minimum SOC is reached:

fVoc * Iess

nessncharger

(22) C=

Where

Ness = efficiency of the battery while charging,

Ncharger = average efficiency of the charger while charging,

V, = open-circuit voltage as a function of time over the cycle, and

I.ss = current as a function of time over the cycle.

7.5. COLD-START PENALTY
A cold-start penalty of 20% is applied over four UDDS cycles for the CD results.

Table 9 summarizes the cold-start penalties applied to the UDDS CS results for the different powertrains.

Table 9: Cold-start (20°C) penalties for the different
powertrain configurations (%)

2013-2045
Powertrain Low | Med | High

Conventional 12 10 6
Power-Split HEV | 12 10 6
Power-Split PHEV | 12 10 6
Fuel Cell HEV 12 10 6
Fuel Cell PHEV 0 0 0
Electric 0 0 0
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8. SIMULATION RESULTS

All the fuel-consumption results shown in this report are expressed in liters (L) per 100 km. The reasons
behind this decision came from the analysis of the data shown in Figure 72, which shows the relationship between
fuel economy (expressed in mi per gal) and fuel consumption (expressed in gal per 1,000 mi). There is no linear
relationship between fuel consumption and fuel economy. For example, if you improve your fuel economy from
15 to 30 mpg, you will save approximately 37 gal of fuel per 1,000 mi; whereas if you improve your fuel economy
from 50 to 100 mpg, you will save only 10 gal per 1,000 mi. By comparing two different values of fuel consumption,
one immediately knows the amount of fuel saved and thus the amounts of money and emissions saved, since they

are linearly linked to the fuel consumption.

Moreover, whereas different vehicles can drive miles at a different pace, they all have roughly the same

lifetime mileage.

Unless otherwise specified, all the fuel-consumption results are provided for the combined drive cycle

using unadjusted values based on gasoline equivalent.
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Figure 72 - Fuel economy versus fuel consumption
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8.1. EVOLUTION OF SPECIFIC POWERTRAIN CONFIGURATIONS

8.1.1. CONVENTIONAL POWERTRAIN

Figure 73 shows that fuel consumption decreases over time across fuels. Gasoline conventional
midsize vehicles consume from 40% to 65% less fuel by 2045 compared with the reference case; the change
is different for diesel vehicles, with a reduction in fuel consumption ranging from 36% to 54%. CNG vehicles
will achieve the highest improvements in fuel consumption between the reference case and 2045, with a decrease
ranging from 14% to 34%, whereas ethanol shows the widest range of improvement, with a decrease ranging from

30% to 56%.

The ethanol-engine and gasoline vehicles have the highest fuel consumption among conventional vehicles
for all timeframes (except for the reference case). Figure 74 shows the fuel consumption relative to the reference
gasoline conventional vehicle. In 2045, compared with the gasoline reference case, the ranges of improvement
were as follows: gasoline engine, 40% to 65%; diesel-engine, 43% to 63%; CNG engine, 21% to 43%; and ethanol
engine, 30% to 60%.

Figure 75 shows the fuel consumption relative to that of the conventional gasoline vehicle of the same
year. Notice that the differences between gasoline and diesel will tend to decrease in the future. In some cases
(i.e., 2045 high case), both fuels achieve similar gasoline-equivalent fuel consumption. Overall, even if the fuel
consumption of the CNG and ethanol engine improve in the future (Figure 74), they will still remain less efficient

than any other fuel on a volumetric basis.
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Figure 73 - Fuel consumption (gasoline equivalent) for conventional
midsize cars
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Figure 74 - Gasoline-equivalent fuel consumption for conventional midsize cars,

compared with the reference conventional gasoline vehicle
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Figure 75 - Gasoline-equivalent fuel consumption for conventional midsize cars,
compared with the same-year conventional gasoline vehicle

Page | 85



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

8.1.2. HEV ENGINE

Figure 76 shows that fuel consumption for HEVs is expected to decrease significantly over time.

Figure 77 shows the fuel consumption compared with the HEV reference gasoline vehicle. The ratio
between CNG and gasoline reaches 0.55 in the 2045 high-uncertainty case, which shows the dramatic

improvements that can be expected from CNG power-split vehicles.

Figure 78 shows the fuel-consumption ratios for HEVs with various fuels compared with the HEV gasoline
vehicle of the same year. The results show that the ethanol fuel will maintain a fuel consumption between 5% and
18% higher than the gasoline case, and it will have the highest fuel consumption over all the timeframes. The
diesel power-split vehicles will have about 7% lower fuel consumption than the gasoline vehicles across all

timeframes.
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Figure 76 - Gasoline-equivalent fuel consumption for midsize split HEVs
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Figure 77 - Gasoline-equivalent fuel consumption of midsize split HEVs,
compared with the reference gasoline split-HEV
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Figure 78 - Gasoline-equivalent fuel consumption for split-HEV midsize cars, compared
with the same-year, same-case gasoline HEV
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8.1.3. PHEV ENGINE

The fuel-consumption evolution for power-split PHEVs is similar to that for power-split HEVs. The CNG

vehicles always have the highest fuel consumption (~7% more than the gasoline vehicles).

For the same fuel, the fuel consumption decreases slowly with the AER. The bigger the battery, the less
fuel is consumed. However, there is no clear relationship between battery size and specific fuel-consumption
improvement. For instance, between the reference case and 2045, the fuel-consumption improvement of gasoline
engines was about 42% for PHEV10, 44% for PHEV20, 30% for PHEV30, and 33% for PHEV40. These variations do
not show a trend related to battery size and improvement over the years. Data for PHEV10s and PHEV20s are

shown in Figure 79, and for PHEV30s and 40s in Figure 80.

Table 10 shows the PHEV10 fuel consumption for the reference and 2045 technologies; as in the HEV
case, gasoline shows the most improvement of any fuel between 2013 and 2045. The results for HEVs and PHEVs

are very close to each other, since the engines are used under similar conditions.

Figure 81 shows the fuel consumption for the PHEV10 and PHEV20 compared with the same-year PHEV
gasoline vehicle.
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Figure 79 - Gasoline-equivalent fuel consumption for midsize split PHEV10s and PHEV20s
(All the fuel-consumption values are CD+CS.)
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Figure 80 - Gasoline-equivalent fuel consumption for midsize split PHEV30s
and PHEVA40s (All the fuel-consumption values are CD+CS.)

Table 10: Fuel consumption of midsize PHEV10s with 2013 and 2045
technologies

Power-Split PHEV10

Fuel Cons. (L/100 km)

Ref | 2045 low/med/high | Improvement
SI 3.7 121/1.6/1.3 42%/55%/64%
CI 3.6 | 25/1.7/15 33%/52%/59%
CNG | 3.8 | 29/2.1/1.8 23%/44%/52%
E85 | 3.2 | 2/1.5/1.2 38%/52%/60%
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Figure 81 - Gasoline-equivalent fuel consumption for split PHEV10
and PHEV20 midsize cars, compared with the same-year, same-case
gasoline PHEV with matching AER (All the fuel-consumption values

are CD+CS.)

Figure 82 shows the fuel-consumption ratios for the PHEV10 and PHEV20 compared with the reference

PHEV gasoline vehicle.

Figure 83 shows the fuel consumption for the PHEV30 and PHEV40 compared with the same-year PHEV
gasoline vehicle. It is interesting to see that there is not really a linear trend for fuel-consumption ratios versus the

same-year gasoline PHEV (Figure 84).

Figure 85 shows that there is a linear relationship between vehicle mass and electric consumption. The
bigger the vehicle, the higher the electrical consumption. This observation is consistent with the fuel-consumption
increase with vehicle mass. Because of the different energy density assumption used for split vehicles and EREVs,

the figure shows a separation of the two configurations’ electric consumption.
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Figure 82 - Gasoline-equivalent fuel consumption for split PHEV10 and
PHEV20 midsize cars, compared with the reference PHEV gasoline vehicle
(All the fuel consumption values are CD+CS.)
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Figure 83 - Gasoline-equivalent fuel consumption for split PHEV30 and
PHEV40 midsize cars, compared with the reference PHEV gasoline vehicle
(All the fuel consumption values are CD+CS.)
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Figure 84 - Gasoline-equivalent fuel consumption for split PHEV30 and
PHEV40 midsize cars, compared with the same-year, same-case gasoline
PHEV with matching AER (All the fuel consumption values are CD+CS.)
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Figure 85 - Electric consumption in CD+CS mode for gasoline-powered-split PHEVs

8.1.4. FUEL-CELL HEV

The fuel-cell HEV’s fuel consumption (Figures 86 and 87) decreases from 2013 to 2045. In 2045, the fuel

consumption is from 19% to 50% lower than in the reference case.
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Figure 86 - Gasoline-equivalent fuel consumption for midsize fuel-cell HEVs
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Figure 87 - Gasoline-equivalent fuel consumption compared with the midsize fuel cell
HEV reference case
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8.1.5. FUEL-CELL PHEV

For fuel-cell PHEVs, the fuel consumption decreases slowly (Figures 88 and 89) as the AER goes from one
range to the next higher range, for the same reasons discussed for power-split PHEVs. From the reference case to

2045, the consumption decreases by 33% to 54% for all the AERs.

Figure 90 shows that electricity consumption also decreases slowly from 2013 to 2045, although initial

consumption levels increase within AER for any given year.
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Figure 88 - Gasoline-equivalent fuel consumption for midsize fuel-cell PHEVs (The fuel

consumption values are CD+CS.)
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Figure 89 - Gasoline-equivalent fuel consumption for midsize fuel-cell PHEV10s
compared with the reference case
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Figure 90 - Electric consumption in CD+CS mode for midsize fuel-cell PHEVs

Page | 95



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

8.1.6. ELECTRIC VEHICLES

For EVs, the results are given in terms of electric-energy consumption for the two drive cycles used in the
simulations: UDDS and HWFET. The combination of lightweighting and component improvements leads to a

significant decrease in electrical consumption over time.

The values expressed in Wh/mi represent the average energy provided by the battery to drive the vehicle
for 1 mi. As shown in Figure 91, the HWFET electric consumption is consistently higher than for a UDDS cycle. This
can be explained by looking at the two drive-cycle shapes and the energy recoverable by regenerative braking. The
UDDS cycle has many strong and steep braking periods, which offer ample opportunities to recover some energy
through braking. On the other hand, the HWFET cycle features more stable speeds and only limited braking times.
Consequently, the battery recuperates more energy through regenerative braking during a UDDS cycle than during

a HWFET cycle.

Figure 92 shows the strong relationship between vehicle light weighting and electrical consumption.
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Figure 91 - Electric consumption by midsize BEV100 operating on UDDS and HWFET cycles
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Figure 92 - Electric consumption by EVs

8.2. EVOLUTION OF HEV ENGINES

8.2.1. HEV VERSUS CONVENTIONAL ENGINE

The comparison between power-split HEVs and conventional gasoline vehicles (same year, same case) in
Figure 93 shows that the ratios stay fairly constant for until 2020. Indeed, the power-split midsize vehicle
consumes between 25% and 45% less fuel than the conventional gasoline vehicle. After 2030, the introduction of
micro hybrid vehicles advantage conventional vehicles (becoming start/stop systems) over HEVs. It would be
interesting to study the same kinds of ratios, but compare fuel to fuel. This would again demonstrate which fuel
would be most advantageous in terms of reduced consumption, in the transition from a conventional to a power-

split HEV powertrain.

In Figure 94, the reference considered is the vehicle from the same-year and same-fuel conventional

vehicle.
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Figure 93 - Gasoline-equivalent fuel consumption for midsize power-split HEVs,
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compared with the same-year, same-case conventional gasoline vehicle
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Figure 94 - Gasoline-equivalent fuel consumption for midsize power-split HEVs,

compared with same-fuel, same-year conventional midsize vehicle
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8.2.2. ENGINE HEV VERSUS FUEL-CELL HEV

The fuel-consumption ratios for all types of power-split HEVs versus fuel-cell HEVs (Figure 95) are higher
than 1, showing that fuel-cell technology offers consistently lower fuel consumption than power-split HEV
technology. However, the ratios vary over time, and it is pertinent to study the evolution for each fuel. In the
reference case, this vehicle consumes nearly 50% more fuel than a fuel-cell HEV; in 2045, however, this difference

is reduced to the 20% to 25% range.

Ethanol, diesel, and gasoline power-split vehicles show similar trends. The ratios for these fuels increase
from the reference case to 2030 before decreasing in 2045. In contrast, CNG vehicles show a constant increase and

reach a 60% increase in 2045.
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Figure 95 - Gasoline-equivalent fuel consumption for midsize power-split HEVs
compared with same-year, same-case midsize fuel-cell HEV

8.3. EVOLUTION OF HYDROGEN-FUELED VEHICLES

8.3.1. FUEL-CELL HEV VERSUS GASOLINE ENGINE

In the reference case, the fuel-cell HEVs consume about 45% less fuel than conventional gasoline vehicles.
This difference in fuel consumption increases to the 55% to 65% range in 2045 (Figure 96), indicating that the

gasoline conventional vehicle will not improve its fuel consumption as fast as the fuel-cell HEV.
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In contrast, Figure 97 shows that in the reference case, fuel-cell HEVs consume about 36% less fuel than
gasoline HEVs. This difference in fuel consumption increases in the next two timeframes to reach 55% to 60% in

2045.
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Figure 96 - Gasoline-equivalent fuel consumption for midsize fuel-cell HEV compared
with same-year, same-case midsize gasoline
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Figure 97 - Gasoline-equivalent fuel consumption for midsize fuel-cell HEV
compared with the midsize gasoline split-HEV reference case
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9. VEHICLE FUEL CONSUMPTION VERSUS MANUFACTURING COST RESULTS

All costs are manufacturing costs.

9.1. EVOLUTION OF SPECIFIC POWERTRAIN CONFIGURATIONS

9.1.1. CONVENTIONAL

Figure 98 shows manufacturing costs for conventional midsize vehicles. All the prices of vehicles increase
from 2013 to 2045. The increase is due to several factors, including lightweighting (the decrease in vehicle body
mass by 2045 entails cost increases, due to the use of aluminum or carbon fiber) and advanced component

technologies such as direct injection.

Figure 99 shows the manufacturing cost of conventional midsize diesel, CNG, and ethanol vehicles

compared with same-year conventional midsize gasoline vehicles.

9.1.2. ENGINE HEVS

Figure 100 shows the vehicle manufacturing costs for the power-split HEVs. The gasoline power-split HEV
is generally the cheapest vehicle among all the HEVs. Figure 101 shows that overall, the diesel HEV is between 15%
and 20% more expensive than the gasoline HEV. This difference, however, tends to decrease after 2013. From

2013 on, the vehicles cost ratio decreases, reaching almost 1 in 2045.

9.1.3. ENGINE PHEVS

Figure 102 shows the manufacturing cost evolution of PHEVs with different fuels. The overall trend is the
same for all fuels; only the actual costs vary. PHEV40 costs show a sharp decrease over time, whereas PHEV10s

show a very slight decrease over time. This observation can be explained by improvements in batteries over time.

Figure 103 shows the manufacturing cost of PHEVs compared with gasoline HEVs. Again, the PHEVs

become more cost-competitive over time because of improvements in batteries.

9.1.4. FUEL-CELL VEHICLES

Fuel-cell vehicle manufacturing costs (Figure 104) show a pattern similar to that of previously described
gasoline-vehicle manufacturing cost. Indeed, as time goes on, the different vehicles’ manufacturing costs become
closer and closer to each other. In 2013, a fuel-cell PHEV4O0 is approximately 45% more expensive than a fuel-cell
HEV, whereas it is less expensive in 2045. Finally, it is interesting to note that in 2045, the fuel-cell vehicle

manufacturing costs are under $20,000 for all the average and high cases.
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9.1.5. ELECTRIC VEHICLES

As shown in Figure 105, improvements in battery costs and lightweighting affect EV costs, which are

expected to decrease by a factor greater than 2.
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Figure 98 - Manufacturing cost of conventional vehicles
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Figure 99 - Manufacturing costs of diesel, CNG, and ethanol conventional midsize
cars compared with same-year gasoline conventional midsize car

Page | 102



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

Cost (§)

B Sl Split HEV
Y CI Split HEV |
VZZJCNG Split HEV |
[[TT1E8S Split HEV |

2013 2015 2020 2030

Figure 100 - Manufacturing costs of midsize HEVs
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Figure 101 - Manufacturing costs of midsize HEVs compared with same-year conventional
gasoline-powered vehicles
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Figure 102 - Manufacturing cost of PHEV for all fuels
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Figure 103 - Manufacturing costs of midsize PHEVs compared with same-year gasoline-powered HEV
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Figure 104 - Manufacturing costs of midsize fuel-cell vehicles
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Figure 105 - Manufacturing costs for midsize EVs

Page | 105



Light-Duty Vehicle Fuel Consumption Displacement Potential Up to 2045

9.2. POWERTRAIN COMPARISON

Figure 106 shows the manufacturing costs for all the gasoline-powertrain vehicles (conventional, power-
split HEV, and power-split PHEVs). The manufacturing costs tend to get closer to each other as time goes on. For
example, in 2016, the power-split HEV is 35% more expensive than the conventional vehicle, and the PHEV4O0 is
78% more expensive than the conventional vehicle. However, in 2045, the situation dramatically changes; only a
3% to 6% difference in manufacturing cost is observed for the power-split HEV, and 11% to 17% for the power-split

PHEV40.

Whereas the conventional-vehicle manufacturing cost increases slightly over time, the opposite pattern is

observed for power-split vehicles. The higher the AER, the greater the manufacturing cost reduction over time.

Figure 107 shows the relative manufacturing costs of CNG vehicles and conventional gasoline vehicles.

While CNG engines will remain more expensive, the technology will become more cost-competitive over time.

Figure 108 shows the manufacturing cost ratio between fuel-cell and conventional gasoline vehicles.
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Figure 106 - Manufacturing costs of midsize gasoline-powered vehicles
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Figure 107 - Manufacturing costs of midsize CNG ICE vehicles compared with same-
year conventional gasoline vehicles
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Figure 108 - Manufacturing cost of midsize fuel-cell HEV compared with same-

year conventional gasoline vehicle
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10. TRADE-OFF BETWEEN VEHICLE FUEL CONSUMPTION AND

MANUFACTURING COST

All costs are manufacturing costs.
10.1. CONVENTIONAL VEHICLES

Figure 109 shows that diesel vehicles remain more expensive relative to other conventional vehicles over

time, with no advantage in fuel consumption.

10.2. HEVS

Figure 110 shows similar trends for HEVs, independently of ICE technology. The overall trend is
decreasing, which means lower fuel consumption and lower cost. Gasoline and ethanol HEVs offer the best trade-

offs over time, with the diesel HEV becoming competitive in the 2045 timeframe.

10.3. PHEVS

Figures 111 and 112 show, respectively, that PHEV10 and PHEV40 vehicles offer less future benefit than

conventional vehicles, although the overall trend is promising.

10.4. FUEL-CELL AND OTHER HYDROGEN-FUELED VEHICLES

Figure 113 shows the trade-offs of incremental manufacturing cost versus fuel consumption for fuel-cell
HEVs and PHEVs compared with the reference conventional gasoline vehicles. For the PHEVs, we found a
diminishing return on investment, since little fuel-efficiency gain is achieved for the higher AER despite a higher

manufacturing cost. Overall, all configurations trend toward good fuel efficiency at a low manufacturing cost.
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Figure 109 - Incremental manufacturing cost (in comparison with the reference
conventional gasoline vehicle manufacturing cost) as a function of fuel consumption for
midsize conventional vehicles
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Figure 110 - Incremental manufacturing cost (in comparison with the reference conventional
gasoline vehicle manufacturing cost) as a function of fuel consumption for midsize HEVs
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Figure 111 - Incremental manufacturing cost (in comparison with the reference
conventional gasoline vehicle manufacturing cost) as a function of fuel consumption for

PHEV10 vehicles
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Figure 112 - Incremental manufacturing cost (in comparison to the reference
conventional gasoline vehicle manufacturing cost) as a function of fuel consumption
for PHEVA4O0 vehicles
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Figure 113 - Incremental manufacturing cost (in comparison with the reference
conventional gasoline vehicle manufacturing cost) as a function of fuel consumption for
fuel-cell vehicles

10.5. ALL POWERTRAINS

Figure 114 shows the trade-offs between fuel consumption and increased manufacturing costs for all
powertrains and fuels compared with the conventional gasoline reference. Overall, the vehicles on the bottom

right would provide the best fuel consumption for the least additional cost. All years, all cases, and all fuels are

presented.

Figure 115 shows a comparison of all the powertrains, considering gasoline fuel only. The main conclusion
to be drawn from Figure 115 is that conventional vehicles are more likely to improve in fuel efficiency than in cost,

whereas the higher the electrification level, the more the improvement focuses on cost.
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Figure 114 - Incremental manufacturing cost (in comparison with the gasoline
conventional reference vehicle) as a function of fuel consumption for all powertrains
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Figure 115 - Incremental manufacturing cost (in comparison with the reference conventional
gasoline vehicle manufacturing cost) as a function of fuel consumption for gasoline vehicles
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